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CHAPTER 1
General Introduction
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Overview:
In bony fishes such as the rainbow trout, Oncorhynchus mykiss, glucocorticoid (GC) and 
estrogenic hormones are associated with a variety o f physiological functions. Most notable are 
effects o f GCs which allow the animal to respond to stressful events (Donaldson, 1981;
Clearwater and Pankhurst, 1997; Stouthart et al., 1998) and the actions o f estrogens in the 
hormonal control o f reproduction (Donaldson, 1973; Arcandhoy and Benson, 1998; Aiukwe and 
Goksoyr, 1998). Circulating levels o f GCs and estrogens are regulated largely by activation of the 
hypothalamic-pituitary-interrenal (HPI) axis (Donaldson, 1981; Stouthart et ai., 1998), and the 
hypothalamic-pituitary-gonadal (HPG) axis (Fostier et al., 1983; Blazquez et al., 1998; Kah et al.,
1997), respectively In the case o f the HPI axis, the initial stimulus for biosynthesis and release o f 
cortisol, the primary plasnia GC, is corticotropic releasing hormone (CRH). Neurons o f 
hypothalamic origin project their axons to pituitary target cells, corticotrophs (Peter et al., 1990). 
CRH released onto corticotrophs stimulates release o f adrenocorticotropic hormone (ACTH) into 
circulation (Baker et al., 1996; Stouthart et al., 1998). ACTH serves as the final signal in this 
pathway by stimulating interrenal tissue to synthesize and rdease cortisol into circulation 
(Chester-Jones et al., 1969). In turn, the level of plasma GCs may provide a feedback signal to the 
HPI axis, via activation o f hypothalamic glucorticoid receptors (GRs).
HPG axis activity regulates the production o f 17P-estradiol (5%), the principle plasma 
estrogen synthesized and released by ovarian follicles (Donaldson, 1973; Arukwe and Goksoyr,
1998). Hypothalamic neurons that release gonadotropic releasing hormone (GnRH) project their 
axons onto pituitary gonadotrophs, whereby GnRH induces the pituitary to synthesize and release 
gonadotropic hormones (GtHs) irtto circulation. In teleosts, GtH I is the predominant
I
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gonadotropic hormone prior to sexual maturity while GtH n  is released after maturation is 
complete (Suzuki ei a i, 1988; Breton et a i, 1997; Breton et a i, 1998). In the mature fish, the 
ovaries serve as the primary site for the GtH U-induced synthesis and release of Ej (Campbell, 
1980), whereas the interrenals serve as an additional, albeit limited, source o f 5% in male and 
female animals before and after sexual maturity (Hoar, 1969; Kime et al., 1980; Fitzpatrick et al.,
1993). In teleosts, plasma E j levels may provide a feedback signal to the HPG axis via activation 
o f hypothalamic Ej receptors (ERs).
Peripheral Function of Cortisol in Teleosts:
Cortisol supports multiple physiological fimctions in fish, including maintenance o f 
metabolic homeostasis (van der Boon et al., 1990) as well as regulation o f hydromineral balance 
(Chester-Jones et al., 1969). Cortisol biosynthesis occurs very early in fish development; for 
example, elevated plasma levels have been observed in the rainbow trout 2 to 4 days prior to 
hatching (Yeoh et a i, 1996; Stouthart et al., 1998). Subsequently, changes in GC secretion occur 
daily (Audet and Claireaux, 1992) and seasonally (Audet and Claireaux, 1992; McLeese et al., 
1994; Shrimpton and McCormick, 1998) as well as in response to stressors (Donaldson, 1981; 
Clearwater and Pankhurst, 1997; Stouthart et al., 1998). A rise in the level o f plasma cortisol 
during spawning (Chester Jones et al., 1969; Pickering and Christie, 1981; Scott et al., 1983) and 
migration (McLeese et al., 1994) are associated with an increase in the plasma level o f glucose 
consistent with glucose mobilization required for increased energy expenditures (Zelnick and 
Goldspink, 1981; Nielsen et al., 1994). Cortisol also assists migratory fish, including various 
salmonids and eels, in their adaptation to seawater entry by altering the structure and fiinction o f 
specific osmoregulatory organs (Shrimpton and McCormick, 1998). Spedficaliy, smoiting
. i
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salmonids are characterized by a seasonal rise in plasma cortisol levels which are correlated with 
increases in the number o f chloride cells and levels o f Na'̂ /K'*' ATPase activity in g ill tissue, and 
coincident with reductions in plasma Na"̂  levels (McLeese ei al., 1993). Prolonged exposure to 
elevated plasma levels of cortisol due to chronic stress, however, can lead to an impaired ability to 
regulate ion transport across g ill tissue, thereby impeding successful seawater entry (Chester- 
Jones era/., 1969).
Peripheral Function ofE% in Teleosts:
In salmonids, sexual development leading to spawning is characterized by rhythmic 
changes in circulating £3 levels (Campbell et a/., 1980; Scott et al., 1983; Fitzpatrick el al., 1986). 
A complex interaction o f hormones (Donaldson, 1973; Trudeau et al., 1991; Arukwe and 
Goksoyr, 1998) and neurotransmitters (Kah et al., 1992; Trudeau et al., 1993; Saligaut et al.,
1998) coordinates HPG axis activity during the reproductive cycle and modulates release o f £2 
from ovarian follicles frcUitating gonadal development (Hoar, 1969; Blazquez et al., 1998), 
oocyte maturation (Scott et al., 1983; Fitzpatrick et al., 1986), and the synthetis o f vitellogenin, a 
precursor o f yolk proteins produced by the liver (Ho, 1987; Flouriot et a/., 1997; Arukwe and 
Goksoyr, 1998; Davail et al., 1998; Rinchard et aL, 1998). High levels o f plasma £,, associated 
with the onset o f sexual maturation, promote the utilization o f carbohydrate reserves (Soengas et 
al., 1993; Washburn et al., 1993) and reduce chloride cell number and blood osmolality (Coimbra 
et al., 1992). These £2 -induced alterations help to physiologically maintain anadramous fish in 
freshwater where spawning occurs. During this period an elevated level o f plasma £2 provides a 
negative feedback signal on HPG axis activity inhibiting subsequent GtH release. However, as 
oocytes mature just prior to ovulation, plasma £2 levels drop while GtH levels rise inrficating
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disinhibition o f HPG axis activity in coho salmon (Fitzpatrick et al., 1986) and rainbow trout 
(Scott et al., 1983; Breton and Sambroni, 1996).
Steroid Influence on Vertebrate CNS Function:
Steroid hormones such as glucocorticoids (Rostene et al., 1995; Holsboer and Barden, 
1996) and estrogens (Pilgrim and Hutchinson, 1994) have the ability to function as 
neuromodulators o f vertebrate central nervous system (CNS) functioning. While many steroids, 
particularly ring A-reduced metabolites o f progesterone and glucocorticoids, rapidly influence 
neuronal activity within milliseconds after receptor activation and have a short duration o f activity 
(Majewska, 1987; Paul and Purdy, 1992; Mellon, 1994; Lambert etal., 1995), the onset o f 
steroid-induced genomic changes in target cell bioactivity is more delayed, but has prolonged 
effects (McEwen, 1994). Unlike “classical”  neurosteroids that are synthesized de novo in the CNS 
(Mellon, 1994), cortisol and Ej biosynthesis originates outside the CNS. Specifically, there is a 
separation o f the peripheral and central actions ofE% since it originates as a metabolite o f 
peripherally synthesized testosterone which is secreted into circulation by testicular tissue in 
sexually mature males and fi’om ovarian follicles in mature females (Kagawa et al., 1982).
GCs in the Mammalian CNS:
In most vertebrates examined, activation o f the hypothalamic-pituitary-adrenal (HPA) 
axis, a basic survival mechanism, occurs upon exposure to stressors (Selye, 1950; McEwen,
1994). In humans, physical (exercise, injury, etc.) or perceived (fear) stressors initiate an increase 
in hypothalamic CRH secretion stimulating the release o f ACTH into circulation which ultimately 
enhances adrenal GC secretion (Selye, 1950). Since they are lipid-soluble, circulating GCs are 
able to cross the blood brain barrier and provide a feedback signal to regulate HPA axis activity at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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multiple levels (De Kloet, 1991). Periphally produced GCs have also been shown to impact 
directly on brain function in mammals. For example, a stress-induced elevation o f adrenal GC 
secretion coincides with a reduction in the number o f GAB receptors in the rat hypothalamus 
(Weizman et al., 1990). This allows for excitatory activity in CRH-producing neurons that are 
inhibited by GAB A binding (Herman and Cullinan, 1997). Prolonged exposure to elevated GCs 
during chronic physical and psychological stress, however, is thought to be a contributing Actor 
to impaired brain function. In two nonhuman primates, the African green monkey (Uno et al.,
1989) and the Rhesus monkey, chronic GC exposure during confinement (maximum plasma 
cortisol; 70 pg/dl) and as a result o f GC administration (dexamethasone treated; 23.3 to 51.4 
pg/dl versus control; 18.1 to 41.8 pg/dl) results in a 20 to 30% loss o f hippocampal CA3 and 
CA4 pyramidal neurons in both adult and fetal animals (Uno et a i, 1994). Damage in this brain 
region interferes with HPA axis control o f GC secretion by interrupting the feedback inhibition o f 
hypothalamic CRH release (DeKloet et al., 1993; Uno et a i, 1994).
GCs also influence neurosecretory activity in the mammalian CNS. In the rat brain, for 
example, acute high doses o f GCs (corticosterone and dexamethasone) inhibit DA release from 
hippocampal neurons and serotonin (SHT) release from neurons in the hippocampus and 
prefrontal cortex, whereas chronic high doses o f corticosterone increase DA and SHT metabolism 
in the prefrontal cortex (Inque and Koyama, 1996). By contrast, GCs inhibit release o f 
noradrenaline (NOR) in the rat brain (Wolfovitz et ai., 1995).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
GCs in Tdcost CNS:
GCs provide a feedback signal to HPI axis activity controlling subsequent GC secretion. 
Balm and Pottinger (1998) report that increases in plasma ACTH and cortisol levels occur within 
3 hours after the onset o f a stress event. ACTH returns to a baseline level, however, much sooner 
than concurrent reductions in plasma cortisol levels. The authors suggest that HPI axis feedback 
is due to inhibition o f ACTH secretion from the pituitary rather than a reduced sensitivity o f GRs 
to ACTH by the interrenals. Similarly, endogenous (Fryer and Peter, 1977; Sumpter et al., 1986; 
Balm and Pottinger, 1998) and synthetic (Pickering et al., 1987) GCs have the ability to modulate 
ACTH secretion. GCs have also been identified as regulators o f neurotransmitter activity in 
teleosts where elevated plasma GCs levels associated with a primary stress response coincide with 
a surge in catecholamine (i.e. DA, NOR, and adrenaline (ADR)) synthesis and release in rainbow 
trout (Reid era/., 1996).
E% in the Mammalian CNS:
In mammals £2 is considered to be an important regulator o f CNS development and 
neuronal function (for review see Pilgrim and Hutchinson, 1994). The presence o f £2 in the brain 
occurs through the metabolism of testosterone o f systemic origin. The conversion of testosterone 
into £2 (aromatization) is catalyzed by a group o f enzymes known as the aromatase system, a 
member o f the cytochrome P4S0 superAmily, whose activity in the rat brain is positively regulated 
by the plasma level o f androgens (Roselli et al., 1984; Roselli and Resko, 1987). Aromatization o f 
testosterone within the hypothalamus is crucial for sexual differentiation o f developing nuclei 
(Simerly and Young, 1991; Pilgrim and Ihitchinson, 1994) and occurs during critical periods o f 
CNS development and organization (Arnold and Gorsld, 1984). In rats (Gorsld et al., 1980; Wise
I
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et al., 1981; Arnold and Gorski, 1984; Kolbinger et al., 1991) and humans (Hofinan and Swaab,
1989) Ej is responsible for a variety o f site-specific effects on the female and male brain such as 
differences in the numbers, size, and morphology o f neurons To illustrate, fenule rats possess 
fewer (Tobet et al., 1989; Beyer et al., 1991; Yuri and Kawata, 1994) and smaller hypothalamic 
dopaminergic neurons than in males (Kolbinger et al., 1991). As well, there is more rapid 
development o f their neuronal processes in this region due to a limited exposure to E2 in female 
rats (Reisert et al., 1989). Similarly, GnRH-secreting neurons in the female hypothalamus contain 
greater numbers o f dendritic processes as a result o f reduced exposure to E, than typically found 
in males rats (Raisman and Field, 1973). While much o f the differentiation and organization o f the 
neuronal circuitry occurs in mammals during early development, many o f these pathways continue 
to be modified as a result ofE% exposure during sexual maturation. For example, Yuri and Kawata 
(1994) showed that elevated plasma levels influence DA activity in hypothalamic neurons of 
adult female rats by increasing DA content in periventricular preoptic neurons coincident with 
decreased content in medial preoptic neurons. E% also has the ability to influence the secretory 
capacity o f dopaminergic neurons in adult female rats. Limited CNS exposure to £% promotes an 
increased DA output in females compared to males (Di Paolo et al., 1985) fi'om the 
hypothalamus. These differences in neuronal circuit activity may also contribute to sex-based 
variations in neurohormonal regulation by the hypothalamus. For example, in humans, basal 
ACTH levels are typically lower in females than males contributing to a more robust response to 
stress (i.e. higher cortisol levels) by the HPA axis in males ̂ durphy, 1991).
£2 and the Tdcost CNS:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ej has a primary role in modulating HPG axis activity in teleosts. In maturing female 
rainbow trout a rising plasma E% level provides a positive feedback signal to the HPG axis, 
stimulating GtH I secretion from the pituitary as a result (Prat et al., 1996). In sexually mature 
salmonids, by contrast, chronically elevated plasma Ej levels prior to ovulation act as a negative 
feedback signal on the HPG axis culminating in a decline of plasma Ej levels (autoregulation) 
(Crim et al., 1981; Mayer et al., 1991; Scott et al., 1992) with a concurrent increase in GtH II 
secretion (Prat et al., 1996; Saligaut et al., 1998) during the period o f ovulation. However, Eg 
may not have the ability to directly modulate its own secretion rate. To illustrate, the 
administration ofE% has been shown to stimulate the synthesis and release o f DA from 
hypothalamic neurons in rainbow trout (Saligaut et al., 1992; Saligaut et al., 1998) which serve, 
in part, to inhibit GnRH release (Peter et al., 1990). In contrast, E j administration increases NOR 
production in hypothalamic neurons that stimulate GnRH release (Saligaut et al., 1992) whereas 
NOR inhibits the pituitary from releasing GtH (Peter et al., 1990).
Glucocorticoid and E% Rccepton:
Steroid hormones such as cortisol and Eg elicit changes in the bioactivity o f their target 
cells by binding and activating their respective receptors. Traditionally, steroid receptors have 
been shown to reside in the cytosol coupled to a heat shock protein (hsp90) in the absence o f 
hormone. Lipid soluble steroids readily cross the plasma membrane o f the cell and are able to bind 
their respective receptors in a unimolecular interaction. Once bound by hormone, the heat shock 
protein dissociates and the newly “activated” receptor-steroid complex is translocated to the 
nucleus where it binds a specific region on the DNA molecule, referred to as a hormone response 
element (HRE) (Lewin, 1992), and alters genomic activity in the target cell funder, 1993).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Ultimately, the binding of GC and E% to their receptors throughout the HPA and HPG axis, 
respectively, is required to initiate the feedback signals regulating circulating levels o f these 
hormones
Sex steroid receptors depart from the traditional model in that they have been shown to 
reside in the nucleus prior to activation by hormone (King and Greene, 1984; Welshons et al., 
1984). The subcellular location of glucocorticoid receptors (GR) has been difficult to resolve 
(Gustafsson et al., 1986; Lee et al., 1992; Pottinger et al., 1994; Knod)l et al., 1996). Much o f 
the evidence for GRs is based on cytosolic binding activity with limited support for a nuclear 
locus (Porthe-Nibelle and Lahlou, 1984; Chakraborti et al., 1987; Brink et al., 1992; McLeese et 
al., 1994; Weisbart etal., 1994).
Glucocorticoid Receptors:
While GRs are distributed throughout the mammalian body, they are expressed in greatest 
numbers in the hippocampus (Sapolsky et al., 1984; DeKloet et al., 1993; Smith et al., 1994; van 
Steensel et al., 1996) and throughout HPA axis. GR activity in the rat hippocampus is primarily 
involved in cognitive functions such as the storage o f spatial information and the organization o f 
behavioural responses, but it also plays a fundamental role in modulation o f GC secretion wher*y 
a stress-induced levels o f GCs stimulate a rise in hippocampal GR numbers Adlitates the feedback 
signal on HPA axis activity (DeKloet et al., 1993). GR distribution within the rat HPA axis, 
however, is nommiform with the highest density occurring in the pituitary compared to the 
hypothalamus (S^x>lsky et al., 1984; DeKloet et al., 1993; Smith et al., 1994).
Recently the binding parameters such as the affinity o f the Œ I for cortisol (K^ = 4.54 +
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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0.06 nM) and the number o f GRs (B^ax ~ 25.40 + 2.20 finol/mg protein) have been characterized 
for adult Chinook salmon (Oncorhynchus tshawytscha) whole brain preparations (Knoebl et al., 
1996). In addition, Lee et al. (1992) have demonstrated the sensitivity o f rainbow trout GRs to 
exogenous GC treatment. The administration of dexamethasone (1.5 mg/kg body weight), a 
synthetic GR agonist, resulted in a rapid reduction in the number (82.3 ±  2.5 to 20.6 ± 10.5 
finol/mg protein) and aflBnity (K^ = 1.56 ± 0.19 to 4.4 + 0.5 nW) o f GRs in whole brain 
preparations within 3 hours which persisted for 24 hours. To date, GR mRNA has been localized 
throughout the forebrain o f mature female and immature rainbow trout with significant 
representation within CRH-releasing neurons of the hypothalamus (Teitsma et al., 1997; Teitsma 
et ai., 1998) and anterior pituitary (Teitsma et al., 1998). However, GR binding characteristics in 
specific regions o f the salmonid HPI axis have not been identified prior to this investigation.
E) Receptors:
The fine tuning o f E, secretion throughout the reproductive cycle is regulated via ERs 
throughout the HPG axis. The presence o f ERs in the CNS of the rat has been well documented, 
especially for regions such as the hypothalamus (Simerly and Young, 1991; Blaustein, 1992; 
Brown et al., 1995) and preoptic area (Blaustein, 1992; Brown et al., 1995). The ER in the 
hypothalamus has been shown to be sensitive to the level o f circulating E ,, decreasing in number 
in response to elevated levels o f the hormone (Brown et ai., 1995).
Evidence for ERs in the teleost CNS has been indicated by the localization o f ER mRNA 
in the forebrain and hypothalamus o f rainbow trout (Salbert et al., 1991; Teitsma et al., 1998). In 
addition, a number o f investigations (Davis et al., 1977; Kim et al., 1978; Morrell and P fiiffi 1978; 
Fine et al., 1990; Linard et al., 1996) implicate the preoptic area as a possible site for E%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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modulation o f the HPG axis in the rainbow trout due to the abundance o f ER-positive cells, 
primarily on dopaminergic neurons in this region (Linard et al., 1996). E^-containing cells have 
also been identified in the thalamus (Kim et al., 1978; Fine et al., 1990), telencephalon (Kim et 
al., 1978; Morrell and PfaflT, 1978; Fine et al., 1990), hypothalamus (Davis et al., 1977; Kim et 
al., 1978; Morrell and Pfaff, 1978; Fine et al., 1990) and pituitary (Kim et al., 1978; Morrell and 
Pfaffi 1978; Fine et al., 1990) providing indirect evidence for the presence o f ERs. While these 
studies suggest that ERs are distributed throughout the teleost brain-pituitary axis, an 
investigation into their relative abundance and binding affinities in these regions has yet to be 
undertaken.
Coordinated Actions of GCs and E%:
Up to this point, GCs and Ej and their respective HP axes have been presented as 
independent systems. However, there is an interaction in terms of the impact that each has on 
mutual hypothalamic-pituitary axes and receptor activities. For example, elevated plasma E% 
prolongs activation o f the HPA axis the female rat resulting in higher basal plasma corticosteroid 
levels for a period o f 3 weeks (Burgess and Handa, 1992). Specifically, GRs in the female rat 
undergo a 20 percent decrease in the pituitary durirtg peak circulating levels o f estrogen (Turner,
1990), wherieas GRs numbers in the hypothalamus increase (Ferrini and De Nicola, 1991). 
Similariy, E% contributes to the regulation o f HPA axis activation o f the teleosts. The 
administration o f E2 fiicilitates an increase in both basal and stress-induced plasma cortisol level in 
immature trout, but not in mature fish already possessing naturally elevated plasma E, levds 
(Pottinger era/., 1996).
Similariy, GCs extend their influence to the activities o f the HPG axis. Estado etal.
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(1996) demonstrated that stress drastically reduces luteinizing hormone (LH) secretion from the 
pituitary o f female rats This diminished LH secretion occurs through the enhancement o f the 
feedback signal via a stress-induced increase in the number o f ERs in the hypothalamus. In female 
rainbow trout stress directly impacts on vitellogenesis, the production of yolk proteins (Ho, 1987; 
Clearwater and Pankhurst, 1997; Contrerassanchez et al., 1998). While elevation o f plasma 
cortisol appears to have no direct influence on E, secretion, it reduces both cytosolic and nuclear 
GR numbers in the liver and enhances (> 33%) plasma Ej binding to sex steroid binding globulin 
(Pottinger and Pickering, 1990).
While the actions o f GCs and E j appear to be interdependent in their influence on the 
activities o f the HPA and HPG axes, the timing o f when this interaction commences has yet to be 
elucidated. A ll o f the aforementioned investigations have been conducted on animals that have 
attained sexual maturity. My investigations, however, utilize only juvenile rainbow trout which 
have no prior exposure to elevated plasma levels o f gonadal hormones. In this case, I hope to 
establish the characteristics for GC and Ej binding sites in the hypothalamus prior to the onset of 
sexual maturation.
Criteria for defining receptor sites:
The liext two chapters o f this thesis detail my investigation of receptors sites in the 
rainbow trout according to established criteria for defining such sites. According to Laduron 
(1984), receptor binding assays should elucidate all o f the following characteristics ;
a) The subcellular distribution o f the receptor site demonstrating whether it is located
within the cytosolic, nuclear, or both components o f the cell;
b) the presence o f a finite number o f receptors as indicated by a saturable level o f ligand
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binding;
c) a high affinity o f binding (K^ in the nanomolar range) to the receptor by the ligand;
d) reversible ligand binding as indicated by the association and subsequent dissociation of 
the receptorligand complex;
e) tissue specificity o f the receptor as indicated by a linear relationship between specifically 
bound ligand and the amount o f tissue utilized;
f )  ligand binding which is readily displaced by structurally related compounds;
g) the correlation o f in vitro drug affinitity to drug potency in vivo-, and
h) the regional distribution o f the receptor throughout the animal;
As this investigation does not include the two latter elements, I w ill be referring to the 
putative GRs and ERs in the hypothalmus o f the juvenile rainbow trout as “binding sites” 
throughout the Discussion section o f this thesis.
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CHAPTER!
Allison, C M. and Omeljaniuk, R.J. (1998). Specific binding sites for 
[^H]dexamethasone in the hypothalamus of juvenile rainbow trout,
Oncorhynchus mykiss.
General and Comparative Endocrinology 110,2-10.
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ABSTRACT
Indirect evidence suggests that glucocorticoid hormones may act through cellular 
receptors to play a neuromodulatory role in the teleost CNS. We now report our findings on the 
use o f [̂ HJdexamethasone (DEX) to identify hypothalamic glucocorticoid receptors (GRs) in 
juvenile rainbow trout, Oncorhynchus mykiss.
Hypothalamic cytosol was incubated with f  HjDEX under various experimental paradigms 
with incubations terminated by addition o f dextran-coated charcoal; following immediate 
centrifugation, a sample o f bound f  H]DEX (supernatant) was collected and assessed for %  
content. [̂ H]DEX binding was tissue dependent between 0.5 and 2.0 hypothalamus equivalent per 
tube (1.0 to 4.7 mg protein, respectively). Specific binding (Bsp) increased with time for 1.5 hr 
and remained relatively constant for an additional 2.5 hr; the calculated association rate constant 
was 2.23 X 10* M'* x min Equilibrium Bjp was dissociated by addition o f a 5000 molar excess 
cortisol with an accompanying t|/2 o f 1 25 hr and dissociation rate constant o f0.553 min '. Bg, 
was saturable with a calculated equilibrium and B^ax o f 1.22 nM and 296 finol/mg protein, 
respectively. Bsp was displaced under equilibrium conditions by the corticosteroids, but to a lesser 
extent by the mineralocorticoid, estrogen, and progestin. The rank order o f potency for f  H]DEX 
dî lacement was DEX > cortisol »  corticosterone > triamcinolone = 11-deoxycortisol »  
aldosterone > progesterone » >  17P-estradiol. These properties of specifically bound [%]DEX 
indicate the presence o f a GR, similar to the mammalian cytosolic GR, in the hypothalamus o f 
juvenile rainbow trout.
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INTRODUCTION
Glucocorticoid hormones (GCs) support multiple functions in vertebrates. In bony fishes 
(teleosts), for example, GCs maintain metabolic homeostasis (van der Boon et al., 1990) and 
participate in the regulation o f hydromineral balance (Chester Jones et al., 1969). In salmonids, 
such as the rainbow trout (Oncorhynchus mylass), elevated levels o f plasma cortisol, the m^or 
circulating GC, are observed during spawning (Chester Jones etal., 1969; Pickering and Christie, 
1981 ; Scott et al., 1983), migration (McLeese et al., 1994), exposure to environmental stressors 
(Pottinger et al., 1994) and during immune responses (Pickering, 1984; Maule and Schreck,
1991). Elevated GC levels are associated with altered glucocorticoid receptor (GR) activity in a 
variety of tissues including g ill epithelia (Sandor et al., 1984; Chakraborti et al., 1987; Maule and 
Schreck, 1991; McLeese et al., 1994; Weisbart et al., 1994), leukocytes (Maule and Schreck,
1991), and liver (Pottinger, 1990; Lee and Struve, 1992; Pottinger e/a/., 1994). To illustrate, 
cortisol levels increase in response to confinement stress leading to a decreased affinity (increased 
KJ and a reduction in the number (downregulation) o f the cytosolic GRs in coho (O. kisutch) gill 
epithelia (Maule and Schreck, 1991) and rainbow trout liver (Pottinger et al., 1994). During 
subsequent acclimation, both affinity and capacity o f cytosolic GRs have been shown to return to 
preconfinement levels in coho salmon (Maule and Schreck, 1991) gill epithelia and in the liver o f 
rainbow trout (Pottinger, 1990; Pottinger etal., 1994). Coitisors ability to alter GR activity in a 
vast array o f tissue types can lead to changes in bioactivity in the affected target cells. Ultimately, 
an effective mechanism o f HPI axis activation is required enabling the animal to modulate the 
release o f cortisol during periods o f prolonged exposure to stressful events.
1
I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
Enhanced GC secretion in teieosts proceeds from activation o f the hypothalamic-pituitary- 
interrenal (HPI) axis (Donaldson, 1981) whereby neurosecretory cells originating in brain regions, 
including the hypothalamus, directly innervate specific target cells in the pituitary (Peter et al.,
1990) allowing the release o f corticotropic releasing factor from the hypothalamus to regulate 
adrenocorticotropic honnone (ACTH) secretion from individual cells (corticotropes) in the 
pituitary (Fryer and Peter, 1977; Peter ei a!., 1990). ACTH consequently stimulates the release of 
GCs (mainly cortisol) from interrenal tissue (Chester Jones et al., 1969). Until recently, GRs in 
the teleost pituitary have been regarded as the main targets for GC modulation o f the HPI 
feedback loop, since evidence for cortisol's influence on HPI activity has been limited to its effects 
on ACTH secretion (Fryer and Peter, 1977; Sumpter et ai., 1986). However, binding sites for 
GCs such as cortisol (Knoebl et al., 1996), DEX (Lee et al., 1992) and triamcinolone acetonide 
(TA) (Knoebl et al., 1996) have been found in the salmonid brain suggesting a higher level for GC 
control o f the HPI axis. For example, Lee et al. (1992) found that cytosolic GRs numbers in 
rainbow trout whole brain were reduced after the administration o f DEX, a synthetic GC with a 
high a£Bnity for the GR.
Although classically regarded as hormones with actions peripheral to the CNS, GCs are 
also being considered as modulators o f neuronal activity within the CNS o f mammals (for review 
see Holsboer and Barden, 1996). To illustrate, elevated levels o f plasma GCs in the rat modulate 
regional brain synthesis and release o f dopamine (DeKloet et al., 1993; Rostene et al., 1995; 
Inque and Koyama, 1996), noradrenaline (Pacak et al., 1995; Wolfovitz et al., 1995), and 
serotonin (DeKloet et al., 1993; Inque and Koyama, 1996). In the teleost model, Reid et al. 
(1996) reported that devated plasma cortisol levds were correlated with the rdease o f
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noradrenaline and adrenaline from sympathetic neurons innervating interrenal tissue in the 
rainbow trout. In the context o f whole animal responsivity to stress, these sequential changes in 
GC and neurotransmitter release are coincidental with increases in metabolic activities (Reid et 
al., 1996) preparing an animal for a "fight or flight". These data suggest that catecholaminergic 
neurons in the teleost brain, including hypothalamus, may be sensitive to HPI axis activity by 
acting as targets for GCs.
GRs are thought to be widely distributed throughout the mammalian brain and have been 
identified in the rat hippocampus (Sapolslcy et al., 1984; DeKloet et al., 1993; Smith et al., 1994; 
van Steensel et al., 1996) and hypothalamus (Sapolslcy et al., 1984; Smith et al., 1994), as well as 
in the pituitary (Sapolslcy et al., 1984; Smith et al., 1994). However, there is little direct evidence 
(Knoebl et al., 1996) for the presence, distribution, and pharmacological resolution o f the GR in a 
site-specific manner in the teleost brain.
We report the existence and pharmacological characteristics o f specific [’H]DEX binding 
sites in the hypothalamus o f juvenile rainbow trout as a site for feedback regulation o f HPI 
activity. This investigation is part of our ongoing research into the coordinated actions o f GCs 
and other classes o f steroids as neuromodulators in the teleost brain.
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METHODS AND MATERIALS
Animab. Juvenile rainbow trout (Rainbow Springs Hatchery, Thamesford, Ontario, Canada) 
were raised and maintained at the Lakehead University Aquatic Animal Research Facility in 
aquaria supplied with flow-through, dechlorinated water at simulated ambient temperature (5 to 
16” C, annual range) and photo period (8 to 16 hr, annual range). Fish were fed daily ad libitum 
with commercial trout pellets (Ziegler trout pellets. Thunder Bay Co-Op) Prior to handling, fish 
were anaesthetized with tricaine methanesulfonate (MS 222,0.OSg/litre; Syndel Laboratories, 
Vancouver, BC) and killed by spinal transection posterior to the medulla oblongata.
Ttsme PrepwtüoH. Hypothalami were excised and immediately transferred to a polystyrene 
tube, immersed and stored in liquid nitrogen, until assayed. The hypothalamus was defined as the 
region ventral to the thalamus and posterior to the telencephalon. Dissection commenced at the 
optic tract and extended posteriorly to the nucleus diflusus lobi inferioris (Peter and Gill, 1975) 
Preliminary experiments showed no obvious difference in ['H]DEX binding to firesh or fi’ozen 
rainbow trout hypothalamus preparations (Allison, 1997). Consequently, experiments were 
performed using fi’ozen tissue. This receptor assay was based on modification o f methods by 
Smith et al. (1994) and Weisbart et at. (1994). Briefly, pooled hypothalami were thawed in ice- 
cold TEDMS buffer (10 mA/Tris; 1 mA/EDTA; 1 mM dithiothreitol; 20 uM  sodium molybdate; 
250 xaM sucrose; 10% (v/v) glycerol; pH 7.4), homogenized on ice using 10 strokes o f a motor- 
driven Teflon-glass homogenizer (0.125 mm clearance) and centrifuged at 1500g for 20 min. The 
supernatant was decanted and centrifuged for 1 hr at 40,000g to obtain the ^oso lic  
(supernatant) fi’action. A ll steps were carried out at 0-4”C unless stated otherwise.
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A lOOjul aliquot o f cytosol was incubated with a 100/zl volume o f ['H]DEX (3.3 nM) 
(39.22 Ci/mmol; NEN-Dupont, Boston, MA) in the presence (nonspecific binding, NSB) or 
absence (total binding, Bq) o f lOÔ d o f a 1000-fold molar excess o f radioinert cortisol (Sigma 
Chemicals, St. Louis, MO) in a final volume of 0.3 ml in 12x75 mm glass tubes. Incubations were 
terminated by the addition o f 300^1 o f dextran-coated activated charcoal (DCC) (0.125% dextran, 
1.25% charcoal in TEDMS buffer (w/v); Sigma Chemicals, St. Louis, MO), vortexed, incubated 
for 10 min, and centrifuged at ISOOg for 10 min. A 400pl aliquot o f the supernatant containing 
bound pH]DEX was placed in a 6 ml scintillation vial in combination with 4 ml o f liquid 
scintillation cocktail (Ready Safe, Beckman Instruments Inc., Fullerton, CA), mixed, and allowed 
to incubate overnight in the dark. Sample radioactivity was determined by liquid scintillation 
spectroscopy using a Beckman LS-6500 liquid scintillation spectrometer (50% counting 
efiSdency).
Specific RaéUneceptor Xsssys
Tasue dependence of fH/dexamethasone biiuSng to hypothalamus qdosol préparations.
Various dilutions o f hypothalamus cytosol were incubated, in triplicate experiments, for 16 hr 
with ['H]DEX in the presence (NSB) or absence (B q)  of 1000-fold molar excess cortisol. One 
hypothalamus equivalent per tube was subsequently used since it gave a significant signal in the 
linear range o f tissue dilutions.
Assodadon of fHJdexanethasone to hypothalamus cytosol preparationM, In triplicate 
experiments, trout hypothalamus cytosol preparations were incubated for various intervals with 
[’H]DEX in the presence (NSB) or absence (B q)  o f 1000-fold molar excess cortisol prior to 
termination.
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DissociadoH o f fHJdexamethasone from hypothalamus cytosol preparadous. Hypothalamus 
cytosol was incubated with ['H]DEX for 2 hr to equilibrium binding. After the addition o f SOOO- 
fold molar excess radioinert cortisol, tubes were vortexed and incubated for various intervals prior 
to termination. Experiments were performed in triplicate.
Saturation analysis. In triplicate experiments, hypothalamus cytosol was incubated for 16 hr 
with various concentrations (0.06 to 43 .5 nM) o f [̂ H]DEX in the presence (NSB) or absence 
(B q)  o f 1000-fold molar excess cortisol prior to termination.
Con^tetitive Di^lacement Anafysis. In triplicate experiments, hypothalamus cytosol was 
incubated with [̂ H]DEX in the presence o f competitors at various concentrations. Reaction 
mixtures were incubated for 2 hr prior to termination. Competitors were purchased from Sigma 
Chemicals (St. Louis, MO) and represented major steroid groups such as glucocorticoids (cortisol 
and corticosterone), mineralocorticoids (aldosterone), estrogens (l?P-estradiol), and the 
progestins (progesterone). Synthetic glucocorticoids (dexamethasone and triamcinolone) and 
nonglucocorticoid (11-deoxycortisol) competitors were also utilized.
Protein Amŝ .  Protein content was determined by the method o f Bradford (1976) using Bio- 
Rad dye reagent (Bio-Rad Laboratories, Hercules, CA) with bovine serum albumin (Sigma 
Chemicals, St. Louis, MO) as the protein standard.
Data Anafym. Specific binding (Bgp) was calculated as the difference between total (Bq) and 
nonspecific (NSB) binding. Standard error o f the mean (SEM) = (o^Bip> ^nsb (Hulme and
Birdsall, 1992). First order transformations o f kinetic data were analysed according to Bennett 
and Yamamura (1985) to determine association (k+J, dissociation (k.,) rate constants, and 
equilibrium dissociation constant (KJ. k., was calculated from the linear regression analysis o f log
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Bsp versus time where k., = slope o f the line, k*, was estimated from (k,^ - k., )/ [L]; where k,*, is 
the observed rate o f association and [L] is the concentration o f free radioligand, k,*, was 
calculated from the plot o fln (B ^g ,- Bsp) versus time where Beq = the level o f binding at steady 
state and the slope o f the line = k,*,. The kinetically derived (k.,/k,D and the maximum number 
of binding sites (B ^ ^  from the saturation analysis was calculated according to Scatchard (1949). 
Maximum specific binding (Bgp) was calculated as the difference between Bq (competitor absent) 
and NSB at 1000 molar excess o f cortisol. Competitive binding data are presented as the percent 
of maximum Bg, displaced by competitor. Half-maximal inhibitory concentration (IC%) values for 
each competitor was estimated from the plot o f In (P/l .O-P) versus competitor concentration. P 
values are the decimal ratios o f maximal Bgp(P = 1.0) (Hulme and Birdsall, 1992). Scatchard 
(1949) analysis was performed on data from competitive binding assays to provide estimates o f 
Kd.
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RESULTS
Tttsue dependence of fHJdexamethasone binding to hypmhalamus qftosol preptmdons. Bg, 
of [̂ H]DEX to rainbow trout hypothalamus cytosol preparations increased linearly between O S 
and 2.0 hypothalamus equivalents per tube (1.0 to 4.7 mg protein) (FIG. 1). One hypothalamus 
equivalent per tube was used in subsequent experiments.
Association of fHJdexamethasone to hypotkalanms cytmd pnparadons. Bg, o f [̂ H]DEX to 
hypothalamus cytosol preparations increased slowly to reach equilibrium after a 1.5 hr incubation 
and remained stable for at least 4.0 hr (FIG. 2). Maximum B^, decreased slightly between 3 to 24 
hr incubation (Allison, 1997). Pooled data fi’om three independent experiments were used to 
estimate (Bennett and Yamamura, 1985) k,, = 2.23 x 10' A /' x min '.
Dissociation of fHJdexamethasone from hypothakunns preparations. Equilibrium bound 
[̂ H]DEX rapidly dissociated from trout cytosol preparations after the addition o f a 5000-fold 
molar excess o f radioinert cortisol. Pooled data from three independent experiments was used to 
estimate (Bennett and Yamamura, 1985) the dissociation rate constant (k.,) o f0.553 min ' with an 
estimated half life (tiy,) o f 1.25 hr (FIG 3). The kinetically derived equilibrium dissociation 
constant, (k.,/lc„), was 2.48 x 10** A/.
Satnradon Anafysis. Saturable binding activity was demonstrated for [*H]DEX binding to trout 
hypothalamus cytosol. Scatchard analysis revealed a linear relationship (r^= 0.96) suggestive o f a 
single class o f high-a£Bnity (K^= 1.22 ±0.2 nAf; n= 3) and low-capacity (B^ax = 296 ± 64.9 
finol/mg protein; n=3) binding sites (FIG 4).
Qtmpeddve Displacement Anafysis, DEX was a stronger competitor (IC% = 10.7) for binding 
sites than the endogenous hormone, cortisol (IC% = 30.7). Corticosterone, triamdnolone (TA),
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and 11-deoxycortisol (11-DOC) had similar competitive abilities, but had IC% values two orders 
o f magnitude higher than dexamethasone. Aldosterone, 17p-estradiol and progesterone were not 
effective competitors (Table 1). Rank order o f potency was dexamethasone > cortisol »  
corticosterone > TA = 11-DOC »  aldosterone > progesterone » >  estrogen (FIG. 5).
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DISCUSSION
Our data demonstrate the existence o f a single class o f saturable, high-afiBnity ['H]DEX 
binding sites in the hypothalamus o f juvenile rainbow trout indicative o f steroid hormone 
receptors. The equilibrium dissociation constant o f pH]DEX (Scatchard analysis, K^= 1.22 + 0.2 
nM, kinetic analysis, K^= 2.48 ± 0.2 nM) is somewhat higher than cytosolic values reported 
for pH]TA in salmonid tissues such as whole brain (Knoebl et al., 1996), gill, spleen, and kidney 
(Maule and Schreck, 1991), but 4-5 times lower than cytosolic assays utilizing [^Hjcortisol in 
salmonid whole brain (Knoebl et al., 1996) and liver preparations (Pottinger, 1990; Pottinger et 
al., 1994). By comparison, our findings are consistent with cytosolic binding afiBnities for ['H ]TA  
in rainbow trout and eel g ill preparations (Sandor et al., 1984; Maule and Schreck, 1991), but 
higher than for [̂ HjDEX in rat hypothalamus (Smith et al., 1994). There also seems to be 
variability in the maximum level o f binding sites for specific tissue types reported between 
mammalian and teleost models. We report a B^ax value (296 ± 64 finol/mg protein) similar to 
that o f rat (Sapolsky et al., 1984; Dhabhar et al., 1993) and mouse (Luttge et al., 1989) whole 
brain cytosol. In teieosts, however, basal (nonstressed) B^ax values reported for salmonid whole 
brain preparations (Knoebl et al., 1996) are an order o f magnitude lower than that o f peripheral 
tissues such as gill (Sandor et al., 1984; Chakraborti et al., 1987) and liver (Chakraborti and 
Weisbart, 1987; Pottinger, 1990). While our reported B^Ax value is consistent with o f mammals, 
it may reflect only unoccupied GRs that are available for binding. In the absence o f a DCC 
pretreatment to remove endogenous cortisol fi’om the cytosol, actual B^ax values may be higher 
than represented in this assay. However, preliminary experiments using a DCC pretreatment fiuled 
to demonstrate an increase in ['HjDEX binding (Allison and Omeljaniuk, urqmblished data). In
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addition, we chose not to use the pretreatment based on evidence by Emadian ei al. (1986) which 
stated that DCC pretreatment can produce a 3- to 6-fold loss in binding affinity o f GRs for 
[̂ H]DEX in mouse brain cytosol.
The variability for reported and B^ax values between brain and peripheral tissues may 
be associated with differences in plasma cortisol levels associated with the animal’s exposure to 
stressors, level oFsexual maturity (Pickering and Christie, 1981), or seasonal cortisol fluctuations 
(McLeese et al., 1994) at the time o f sampling. Sumpter et al. (1986) demonstrated that the rise 
in plasma cortisol levels can occur within minutes after the onset o f stress. Concurrent r eductions 
in GRs number (up to 60%) are discernable within 24 hr after such an event (Pottinger, 1990; 
Pottinger et al., 1994), lasting up to 3 days for acute stressors (Weisbart et al., 1987; Pottinger, 
1990) and up to 7 days during chronic events (Pottinger et al., 1994) before GR numbers begin to 
return to physiological levels.
The putative GR in the cytosol o f the rainbow trout hypothalamus demonstrates selective 
binding for a variety o f ligands. The ability o f various steroids to compete with ['H]DEX for these 
binding sites is shown in FIG. S. The synthetic GR agonist, DEX, was shown to be more effective 
(ICso = 10.7 nM) than endogenous cortisol (IC * -  30.7 nM) in its ability to displace the 
specifically bound, radiolabelled ligand (Table 1). DEX, a nonmetabolizable GC, is reported to 
have a binding higher affinity for the cytosolic GR than endogenous cortisol in salmonid tissues 
such as g ill epithelia (Sandor et al., 1984; Chakraborti et al., 1987), liver (Pottinger, 1990), and 
whole brain preparations (Knoebl et al., 1996). Our findings that DEX is a more effective 
competitor than TA (a synthetic GC with a high affinity for the GR) is in agreement with assays 
on brook trout gill (Chakraborti et al., 1987) and rainbow trout liver pottinger, 1990) where
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either cortisol or DEX was used as the radioligand and/or competitor. However, the specificity o f 
the GR differs slightly in cytosolic assays on chinook whole brain preparations (Knoebl et al., 
1996) and rainbow trout gill tissue (Sandor et al., 1984) when TA was used as radioligand and/or 
competitor. In these assays, TA was shown to be a more effective competitor than DEX. We 
found that aldosterone, a mineralocorticoid with a high afiBnity for GRs in mammals, was not an 
effective competitor for [̂ H]DEX binding. This is consistent with the fact that in teieosts there has 
been no evidence for maintenance o f hydromineral balance by aldosterone, a fimction which is 
assumed to be regulated by GCs (Chester Jones et al., 1969).
In mammals GCs are well known mediators o f many activities, both in the CNS and 
peripherally, and have been associated with a complex array o f endocrine and physiological 
activities. These activities are o f particular importance to salmonids during periods o f chronic 
stress (i.e. spawning and migration) when target tissues become exposed to the effects o f 
prolonged plasma cortisol elevations. The importance o f cortisol can be seen not only in its 
capacity to directly alter bioactivity in an array of tissue types, but also in its influence on the 
synthesis o f other hormones. For «ample, elevated plasma GC levels have the capacity to 
modulate the reproductive development o f trout by limiting gonadal steroid production (Pickering 
etal., 1987; Carragher etal., 1989; Carragher and Sumpter, 1990).
In conclusion, we have demonstrated evidence for GRs in the hypothalamus o f rainbow 
trout that is consistent with the classical steroid receptor model. The existence o f GC-binding 
sites in the salmonid CNS suggests an important mechanism where hormone-sensitive target sites 
can influence the feedback loop o f the HPI axis. GC regulation o f HPI activity has been 
demonstrated in brown trout by Pickering et al. (1987) where orally administered DEX was
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shown to be an effective suppressor of ACTH release, thus limiting the rise in plasma cortisol 
associated with a stress response. However, the level at which DEX was able to influence the 
feedback loop was not elucidated. Furthermore, it may be possible that GR levels in the salmonid 
CNS are subject to modulation by other hormones in a manner similar to that seen in mammals 
(Schneider and Shyamala, 1985), enabling the cell to alter its sensitivity to elevated GC levels by 
reducing (down-regulating) the number o f GRs available.
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FIG. 1. Specific binding (Bsp) o f [̂ H]dexamethasone to hypothalamus cytosol preparations of 
juvenile rainbow trout. Bsp is the difference between binding in the absence (total binding; B q)  and 
presence (nonspecific binding; NSB) o f 1000 molar excess cortisol. A linear relationship between 
Bsp and tissue content was observed for O.S- 2.0 hypothalamus equivalents. Values are means (n= 
4, + SEM) fi’om three independent experiments (# , ■ , A).
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FIG. 2. Specific binding (Bsp) o f [’H]dexamethasone (nM) to hypothalamus cytosol preparations 
o f juvenile rainbow trout as a function o f time is the difference between binding in the 
absence (total binding; B q)  and presence (nonspecific binding; NSB) o f 1000 molar excess 
cortisol. Values are means (n= 4, + SEM) fi’om three independent experiments (# , ■ , ▲). Inset: 
In (B ^^-B gp) as a function o f time. Relationship (r̂  =0.93) was used to determine In (B ^ ^ -  
Bsp) = 1.19 (time) + 0.15 which was used to determine association rate constant (k*,) as 2.23 x 
10* A f' X min'' (Bennett and Yamamura, 1985).
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FIG. 3. Dissociation o f specifically bound (Bjp) [̂ H]dexamethasone (tM ) fi’om hypothalamus 
cytosol preparations o f juvenile rainbow trout Bg, is the difference between binding in the 
absence (total binding; Bq) and presence (nonspecific binding; NSB) o f 1000 molar excess 
cortisol Dissociation was initiated by the addition o f a 5000 molar excess cortisol and incubated 
up to 5 hr. Values are means (n= 4, ± SEM) fi’om triplicate experiments (# , I, ▲). Inset; Log 
Bsp as a fimction o f time. Relationship (r^ =0.97) was used to determine log Bjp = -0.24 (time) + 
0.25 which was used to determine the first order dissociation rate constant (k.J o f0.553 min ' 
(Bennett and Yamamura, 1985).
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FIG. 4. Specific binding (Bgp) o f [̂ H]dexamethasone (0.06*53.99 xM) to hypothalamus cytosol 
preparations o f rainbow trout as a function o f [’H]dexamethasone (nA^ Bg, is the difference 
between binding in the absence (total binding; B q)  and presence (nonspecific binding; NSB) o f 
1000 molar excess cortisol. Values are means (n= 4, ± SEM) fi’om three independent experiments 
(#, I, A ). Inset: Scatchard analysis was used to determine = 1.22 ± 0.20 xM and B^ax ~ 296 
± 64.90 finol X mg’* protein (rM).96).
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FIG. 5. Displacement analysis o f specific [̂ H]dexamethasone binding (Bgp) to cytosol 
preparations o f rainbow trout hypothalamus. Cytosol was incubated with [̂ H]dexamethasone in 
the absence (total binding; Bq) or presence (nonspecific binding; NSB) o f a 1000 molar excess o f 
radioinert cortisol. Bgp is the difference between Bq and NSB. Percent o f maximal binding is the 
difference between Bq and NSB for each competitor divided by B^, (in the presence o f lOpM 
cortisol). Graphs display competitive inhibition o f specific [’H]dexamethasone binding by natural 
glucocorticoids and dexamethasone (A), synthetic glucocorticoids (B), and structurally related 
steroids (C). Values are means (n= 4, + SEM) fi’om three independent experiments.
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TABLE 1
ICm and Values for Glucocorticoid and Nonglucocorticoid Competitors 
of [’HlDexamethasoue Binding in the Hypothalamus of the Rainbow Trout, 
OncorhyHckus mykiss
IC jt K ,
Competitor (nMl InMl
Dexamethasone 10.7 + 2.1 0.15
Cortisol 30.7 + 8.2 0.46
Corticosterone 417+14 1.90
Triamcinolone 659+ 109 4.01
11-Deoxycortisol 623+96 5.10
Aldosterone > 1000 38.76
Progesterone > 1000 >500
17P-Estradiol >5000 >5000
Note: Values are means (n= 4; ± SEM)from triplicate experiments. IC% values were 
determined from linear regression o f percent specific binding o f [̂ H]dexamethasone as 
a fimction o f the log o f the competitor concentration. values were determined from 
Scatchard analysis (Scatchard, 1949) o f maximally bound pH]dexamethasone displaced 
by con^etitor
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CHAPTER 3
Allison, C M and Omeljaniuk, R.J. (1998). Binding characteristics of 
pH]17P-estradiol in the hypothalamus of the juvenile rainbow trout,
Qncorhynchus mykiss.
Steroids (Submitted)
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ABSTRACT
Gonadal steroids in the salmonid brain, acting through cellular receptors, may be 
responsible for the modulation o f neuronal activity and organization o f reproductive behaviours 
In this investigation, we report our findings on the use o f [̂ H]17P-Estradiol (Ej) to identify 
intracellular estrogen receptors (ERs) in the hypothalamus of juvenile rainbow trout, 
Oncorhynchus mykiss.
Specific binding (Bgp) (total binding - nonspecific binding) o f [^HjEj was tissue dependent 
between 0.5 and 2.25 hypothalamus equivalents for cytosol and nuclear extract preparations; 
cytosol and nuclear extract protein contents were 5.4 ± 0.8 and 0.51 ± 0.13 mg/hypothalamus, 
respectively. Bsp in cytosol firactions increased with time and reached maximum levels (4.18 nM) 
at 2.5 hrs incubation; by contrast, Bsp in nuclear extract increased with time to achieve maximum 
levels (3.9 vM) by 2 hrs incubation. The association rate constants (L i)  for cytosol and nuclear 
extract preparations were 1.10 ± 0.02 x 10* A f' x min*‘ and 1.27 ± 0.04 x 10* x min*', 
respectively. Equilibrium bound Bsp dissociated fi*om cytosol preparations with a half life o f
42 min and a dissociation rate constant (k.,) o f 1.01 ± 0.03 min*‘; in contrast, Bg> dissociated fi’om 
nuclear extract preparations with a t,/2= 45 min and k., = 0.92 ± 0.01 min*'. B,p was saturable in 
both cytosol and nuclear extract preparations with calculated equilibrium dissociation constants 
(KJ o f 1.46 ±0.1 nM  and 2.37 ± 0.2 nM, respectively, and maximum number o f binding sites 
(Bĵ iax) o f 50.85 ±3 .2 finol/mg protein and 61.74 ± 2.65 finoi/mg protein, respectively. In both 
preparations, Bgp was differentially displaced by estrogen-congeners and, to a lesser extent, by 
testosterone. Glucocorticoid analogues and nonsteroidal compounds displaced B , nonspedfically 
while the phytoestrogen, P-sitosterol, was completely ineffective. The rank order o f potency for
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displacement o f Bgp was E, > estrone > estriol > 17a-ethynyl estradiol > testosterone »  
progesterone = tamoxifen »  cortisol > dexamethasone » >  P-sitosterol. These properties o f 
specifically bound [̂ HjE; suggest the presence o f an ER in the hypothalamus o f juvenile rainbow 
trout comparable with ERs identified in salmonid liver.
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INTRODUCTION
In bony fish (teleosts) 17P-estradiol (EJ is the major circulating estrogen. E% participates 
in regulating varied fimctions including gonadal recrudescence (Hoar, 1969; Fostier et al., 1983) 
and the production o f yolk protien (vitellogenin) by the liver (Arcandhoy and Benson, 1998; 
Rinchard et al., 1998). Synthesis and release ofE ; fi’om ovarian follicles during the reproductive 
cycle are coordinated through the hypothalamic-pituitary-gonadal (HPG) axis (Fostier et al.,
1983; Peter, 1983; Kah et al., 1997) which modulates rhythmic changes in Ej secretion. In 
salmonids such as the rainbow trout (Oncorhynchus mykiss), gonadotropin-releasing hormone 
(GnRH) is synthesized in hypothalamic nuclei and applied directly to pituitary cells by direct 
synaptoid contact; GnRH directly stimulates release o f the gonadotropic hormones, GtH I (in 
juvenile fish) and GtH n (in sexually mature fish) (Suzuki et al., 1988; Weil and Marcuzzi, 1990; 
Breton et al., 1998; Saligaut et al., 1998). GtH II stimulates synthesis and release o f the E j fi’om 
ovarian follicle cells prior to ovulation. During the onset of ovulation, when spawning activities 
begin, there is rapid decline in E j secretion coincident with a rise in plasma GtH I levels (Scott 
and Sumpter, 1983). Fine tuning o f Ej secretion is thought to be governed by selective 
modulation o f the HPG axis on E, negative feedback at the hypothalamus:pituitary complex 
through intracellular estrogen receptors (ERs) (Kah et al., 1997).
ER mRNA has been found in close proximity to GnRH cell bodies in the rainbow trout 
hypothalamus (Salbert et al., 1991; Anglade et al., 1994). This evidence for ERs suggests a 
mechanism by which E% can modulate the release o f gonadotropic hormones fi’om a higher level 
within the HPG axis. The impact o f E j on the feedback loop o f the vertd>rate HPG axis is 
illustrated by its influence on hypothalamic activity. In the rat brain, for example, the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
administration o f £3 suppresses GnRH synthesis (Rosie et al., 1990; Llyod et al., 1994); by 
contrast, E; increases GnRH-induced GtH n  output from the pituitary o f rainbow trout (Breton 
and Sambroni, 1996).
Although ERs at the level o f the hypothalamus in teleosts nuy be important for regulating 
sexual behaviour and reproductive function, direct evidence is not yet available for the presence, 
distribution, and description o f structural requirements for binding o f ERs in specific areas such as 
the hypothalamus. We address this issue in this report o f the existence and pharmacological 
characteristics o f specific [̂ HJEj binding sites in the hypothalamus o f juvenile (pre-smolt) rainbow 
trout. This project was part o f our ongoing research program investigating neuromodulatory 
actions o f estrogen and other classes o f steroids in the teleost brain.
i
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METHODS AND MATERIALS
Aitinuils. Fingerling rainbow trout (Rainbow Springs Hatchery, Thamesford, Ontario, Canada) 
were raised to juvenile stage (possessing distinct parr marks) and maintained at the Lakehead 
University Aquatic Animal Research Facility in aquaria supplied with flow-through, dechlorinated 
water at simulated ambient temperature (S to 16° C, annual range) and photo period (8 to 16 hr, 
annual range) Fish were fed daily ad libitum  with commercial trout pellets (Martin trout pellets. 
Thunder Bay Co-Op). Prior to handling, fish were anaesthetized with tricaine methanesulfonate 
(MS 222, O.OSg/litre; Syndel Laboratories, Vancouver, BC) and killed by spinal transection 
posterior to the medulla oblongata.
Hssife PrqumtioH. Hypothalami were excised and immediately transferred to a polystyrene 
tube, immersed and stored in liquid nitrogen, and assayed within 24hr. The hypothalamus was 
defined as the region ventral to the thalamus and posterior to the telencephalon. Dissection 
commenced at the optic tract and extended posteriorly to the nucleus diflusus lobi inferioris (Peter 
and Gill, 1975). This receptor assay was based on a modification o f the methods o f Campbell et 
al. (1994). A ll steps were carried out at 0-4T unless stated otherwise. Pooled hypothalami were 
thawed in lOOpl/hypothalamus o f ice-cold TEDMS buffer (10 mA/Tris; 1 mA/EDTA; 1 mM 
dithiothreitol; 20 mM sodium molybdate; 250 mM sucrose; 10% (v/v) glycerol; pH 7.4), 
homogenized on ice using 10 strokes o f a motor-driven Teflon-glass homogenizer (0.125 mm 
clearance) and centrifuged at 1500g for 20 min to obtain a crude nuclear pellet and cytosol 
(supernatant). The supernatant was decanted into an equal volume o f dextran-coated activated 
charcoal suspension (DCC; 0.125% dextran, 1.25% charcoal in TEDMS, Sigma Chemicals, St. 
Louis, MO), incubated for 45 min with frequent vortexing to remove endogenous steroids, then
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centrifuged for 1 hr at 40,000g, and the cytosol preparation (supernatant) used directly in the 
receptor assay.
Protocol to obtain the nuclear extract was based on a modification o f the methods o f 
Lazier et a i (1985), Pottinger and Pickering (1990), and Campbell et al. (1994). The crude 
nuclear pellet was washed three times with an original volume o f TEDS buffer (10 mAf Tris; 1 
mA/EDTA; 1 mM dithiothreitol; 250 mM sucrose; 10% (v/v) glycerol; pH 7.4), resuspended in 
an original volume o f TEDK buffer (0.7 A/KCl in TEDS buffer), then firequently vortexed during 
a 1 hr incubation. After centrifugation (1500g x 10 min) the supernatant (nuclear extract) was 
decanted into a polystyrene tube, and fi’ozen in liquid nitrogen until assayed. Prior to use, the 
extract was thawed and incubated (45 min with firequent vortexing) in an equal volume o f DCC 
suspension to remove endogenous steroids. The mixture was then centrifuged (1500g x 10 min), 
the supernatant collected and used in the receptor assay. Liver was used as a positive control 
tissue to validate the protocol (data not shown). lOOpL aliquot o f liver tissue (lg/9 volumes 
TEDS buffer) was incubated for 6 hours with lOOpL [̂ H]E% (4.0 nM) in the presence (nonspecific 
binding) and absence (total binding) o f 1000-fold molar excess E%. Specific binding of['H]E% in 
liver cytosol was 3.1 nA/.
RmBoreeqttorAsst̂ ,. A 100/̂ 1 aliquot o f hypothalamic extract was incubated under various 
experimental paradigms with 100^1 o f [2,4,6,7-’H]17P-£stradiol (['H]E%) (84.1 Ci/mmol; NEN- 
Dupont, Boston, MA) in the absence (total binding, Bq) or presence (nonspecific binding, NSB) 
o f 100^1 o f a 1000-fold molar excess o f radioinert E% (Sigma Chemicals, St. Louis, MO) in a final 
volume o f300^1 in 12x75 mm glass tubes. Incubations were terminated by the addition ofSOO^d 
o f DCC to remove free [%]E% from the supernatant, tubes were vortexed, incubated for 10 min.
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then centrifuged (1500g x 10 min). A 400pl aliquot o f the supernatant containing bound ['H]Ez 
was placed in a 6 ml scintillation vial in combination with 4 ml o f liquid scintillation cocktail 
(Ready Safe, Beckman Instruments Inc., Fullerton, CA), mixed, and allowed to incubate 
overnight in the dark. Sample radioactivity was determined by liquid scintillation spectroscopy 
using a Beckman LS-6500 liquid scintillation spectrometer (50% counting efficiency).
Specific Investigations
[^HJEj binding to hypothcdamic equivalents o f cytosol and nuclear extract preparations.
Various dilutions o f cytosol and nuclear extract were incubated in quadruplicate, in three 
independent experiments, for 3 hr with in the absence (B q )  or presence (NSB) o f 1000- 
fold molar excess £3 prior to termination. One hypothalamus-equivalent per tube was used in 
subsequent experiments since that amount o f tissue routinely provided a substantial signal in the 
linear range o f tissue dilutions.
Association o f f^HJEj to hypothalamus cytosol and nuclear extract preparatitms. In three 
independent experiments, trout cytosol and nuclear extract preparations were incubated in 
quadruplicate with in the absence (B q)  or presence (NSB) o f 1000-fold molar excess E ,  
for various intervals prior to termination.
Dissociation o f [^HJEjfrom hypothalamus cytosol and nuclear extract preparations. Cytosol 
and nuclear extract were incubated in quadruplicate with ['H]E% in the absence (B q)  or presence 
(NSB) o f 1000-fold molar excess E2 for 3 hr to establish equilibrium binding conditions. 
Thereafter all tubes received a 5000-fold molar excess o f radioinert E%, tubes were then vortexed 
and incubated for various intervals prior to termination. Independent experiments were performed 
in triplicate.
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Saturation analysis o f [^H ]E j binding to hypothcdamus cytosol and nuclear extract preparatitms. 
In three independent experiments, cytosol and nuclear extract were incubated in quadruplicate 
for 3 hr with various concentrations o f [’ H jE ,  in the absence (B q ) or presence (NSB) of 1000-fold 
molar excess Ej prior to termination.
Competitive diqjlacement analysis o f fH JE; binding to hypothalamus cytosol and nuclear 
extract preparations. In triplicate experiments, cytosol and nuclear extract were incubated with 
['H]E% in quadruplicate in the absence (B q)  or presence (NSB) o f competitors at various 
concentrations. Reaction mixtures were incubated for 3 hr prior to termination. Competitors, 
(Sigma Chemicals, St. Louis, MO), represented major steroid groups such as estrogen (1?P- 
estradiol, estriol, estrone, and 17a -ethynyl estradiol), androgens (testosterone; Steraloids Inc., 
Wilton, NH), glucocorticoids (cortisol, dexamethasone and triamcinolone), progestins 
(progesterone), and P-sitosterol, a common plant sterol. Tamoxifen, a nonsteroidal antiestrogen 
used in breast cancer therapy, was also utilized.
Protein Assay. Protein content was determined by the method o f Bradford (1976) using 
Coomassie Brilliant Blue G-250 as the dye reagent (Sigma Chemicals, St. Louis, MO) with bovine 
serum albumin (Sigma Chemicals, St. Louis, MO) as the protein standard.
Data Anafysis. Specific binding (B „) was calculated as the difference between total (B q)  and 
nonspecific (NSB) binding. Means were calculated firom three independent replications o f each 
experiment where each experiment consisted o f 4 samples taken from a pool o f hypothalami; the 
standard error o f the mean, Bg. (SEM), was calculated as (o^bip + <^nsb (Hulme and Birdsall, 
1992).
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First order transformations of kinetic data were performed according to Bennett and 
Yamamura (1985) to determine association and dissociation rate constants, k*, and k.„ 
respectively, k., was calculated from the linear regression analysis o f log Bg, versus time where k., 
= slope o f the line kg  ̂was calculated from the plot o f ln(B,yB,,-B,p) versus time where B«, is the 
level o f binding at equilibrium and thelq*, = slope o f the line k,, was estimated from (Iq*, - k., )/ 
[L ]; where kg,. = the observed rate o f association and [L ] = the concentration o f free
Equilibrium binding data from saturation experiments were subjected to Scatchard analysis 
(Scatchard, 1949) to estimate the equilibrium dissociation constant (K^ nM) and the maximum 
number o f binding sites (B^ux, finol/mg protein). By comparison, equilibrium binding data from 
competitive displacement experiments were analysed according to the methods o f Hulme and 
Birdsall (1992). Briefly, binding data were plotted as In (P/1.0-P) as a function o f competitor 
concentration (log, nM); P values are the decimal ratios o f maximal B g,(P =  1.0) (Hulme and 
Birdsall, 1992). The half-maximal inhibitory concentration (IC *) values for each competitor was 
estimated from linear regression analysis o f plotted data; the plot of. IC% = -B/M. Where Y = 
MX + B. In addition, and Bg^x values for each competitor were estimated from Scatchard 
analysis o f binding data (Scatchard, 1949). Statistical comparison o f binding parameters, such as 
ICm, between cytosol and nuclear preparations were made on the basis o f Mann-Whhney (/-tests 
using Statistical Package for Social Sciences (SPSS) (SPSS Inc., Chicago, IL). P-values < 0.05 
were considered significant.
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RESULTS
[^H]E2  binding to hypothakmic equivalents o f cytosol and nuclear extract preparations. Bg> o f 
[̂ H]E2 to cytosol and nuclear extract preparations increased with the amount o f tissue present 
(FIG. 1). For both preparations Bg, increased linearly between 0.5 to 2.25 hypothalamus- 
equivalents per tube with a signal range o f 0.86 to 3.4 nM for cytosol and 0.90 to 3.62 nM for 
nuclear extract. One hypothalamus-equivalent per tube was used in subsequent experiments. The 
protein content o f a 1-hypothalamus-equivalent was 5.4 ± 0.8 mg (n=9, ± SEM) for cytosol and 
0.51 ± 0.13 mg (n=9, ± SEM) for nuclear extract.
Association o f [^H]E 2  to hypothalamus cytosol and nuclear extrcKt preparations. B ^ o f [’HJEj 
to cytosol and nuclear extract preparations increased slowly with time with the first significant 
increase in Bg, after 45 min and 30 min incubation, respectively (FIG. 2). Equilibrium binding 
levels of 4.18nA/ for cytosol and 3.9 nM for nuclear extract were achieved after 2.5 hr and 2.0 hr 
incubation, respectively and remained stable for at least 3 hours thereafter. For bath preparations, 
pooled data firom three independent experiments were used to estimate k+; = 1.10± 0.02 x l ( f M  
'  X  min ' (n= 3, ± SEM) for cytosol and k,, = 1.27 ± 0.04 x 10* A f' x min ' (n= 3, ± SEM) for 
nuclear extract preparations, according to the method of Bennett and Yamamura (1985) 
Dissociation o f [^HJEjfrom hypothalamus cytosol and mtclear extract preparations.
Equilibrium tmund [*H]E% rapidly dissociated firom cytosol and nuclear extract preparations after 
the addition o f a 5000-fold molar excess o f radioinert E% Complete dissociation o f specifically 
bound [*H]E2 was achieved within 2 hr for each tissue preparation; addition o f excess E j did not 
cause further dissociation o f pHQEj in NSB tubes. For each tissue preparation, pooled data from 
three independent experiments were used to estimate (Bennett and Yamamura, 1985) the
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dissociation rate constant (k.,) o f 1.01 ± 0.03 min"' (n= 3, ± SEM) for cytosol and k., = 0.92 ±
0.01 min ' (n= 3, ± SEM) for nuclear extract. Cytosol preparations had a kinetically derived 
dissociation constant (k.i/k+;) o f 9.18 x 10*̂  A/with an estimated half life (ti/j) o f 42 min; by 
comparison, the nuclear extract preparation had a kinetically derived dissociation constant o f 7.24 
X 10"* A/w ith a slightly longer half life (ti^  ) o f 45 min (FIG. 3).
Saturation analysis o f binding to hypothalamus cytosol and nuclear extract preparations. 
Specific binding o f to cytosol and nuclear extract increased to maximum levels with [*H]E% 
concentrations (FIG 4). Saturable ['H ]E ; specifically bound to cytosol (3.69 nA/) was lower than 
saturable [*H]E; specifically bound to nuclear extract (5.13 nA/.). Scatchard analyses o f cytosol 
and nuclear extract data were linear relationships (r̂  = 0.91 and r̂  = 0.94, respectively) suggesting 
a single class o f binding sites. Both ^o so l and nuclear extract preparations possessed high- 
afifinity (K j = 1.46 ± 0.1 nA/ and K j = 2.37 ± 0.2 nA/, respectively; n=3, ± SEM) and low-capacity 
binding sites (B^^x = 50.85 ± 3.20 finol/mg protein and B^^x ~ 61.74 ± 2.65 finol/mg protein, 
respectively; n=3, ± SEM) (FIG. 4).
Competitive Displacement Analysis o f [̂ HJEj binding to hypothalamus cytosol and nuclear 
extract preparatitms. For cytosol and nuclear extract preparations, the natural estrogen were the 
most effective competitors with sigmoidal displacement curves indicative o f first-order, 
receptoriligand interactions. The endogenous hormone E j (10%= 13.5 ± 0.4 nA/for cytosol and 
IC]o= 9.1 ± 0.2 nA/for nuclear extract; n=3, ± SEM) and its metabolite, estrone (IC% = 28.1 nA/ 
± 1.1 for cytosol and IC% = 30.2 ± 0.6 nA/ for nuclear extract; m=3, ± SEM) were the strongest 
competitors for [*H]Ez binding in the hypothalamus. Estriol, a metabolite o f estrone, was less 
effective (IC%= 95.9 ± 3.4 nA/for cytosol and IC%= 102 ± 6.8 nA/for nuclear extract; n-3, ±
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SEM) in its ability to displace specifically bound pHJEj. 17a*ethynyl estradiol (a synthetic 
estrogen), and testosterone (progenitor ofE%) had IC% values that were an order o f nugnitude 
higher than E% (Table 1). Progesterone, tamoxifen, cortisol, and dexamethasone non-spedfically 
displaced [̂ HjE^, a suggested by their non-sigmoidal displacement of[̂ H]E% (FIG 5-6). fl- 
sitosterol did not displace specifically bound in either cytosol or nuclear extract 
preparations o f rainbow trout hypothalamus. Only Ej showed a significant difference ((/=  0.0,4 
df,P  = 0.0495) in mean IC% values between cytosol and nuclear extract preparations. The rank 
order o f potency was E, > estrone > estriol > 17a-ethynyl estradiol > testosterone »  
progesterone = tamoxifen »  cortisol > dexamethasone » >  P-sitosterol (FIG 5,6).
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DISCUSSION
We present evidence for specific bindings sites whose binding characteristics 
suggest the existence o f specific ERs in the hypothalamus o f juvenile rainbow trout. In both 
cytosol and nuclear extract preparations, [^HjEj binding was dependent on the amount o f tissue 
used, while association with its binding sites proceeded quickly, and was reversible. Both 
preparations were characterized by the presence of saturable, high-affinity (K j= 1.46 ±0.1 nM, 
cytosol; K j=  2.37 ± 0.2 nM, nuclear extract), low capacity (B^ax ~ 50.85 ± 3.2 finol/mg protein, 
cytosol; Bg^x" 61.74 ± 2.65 finol/mg protein, nuclear extracts) binding sites. Similar binding 
aflBnities have been observed for hepatic ERs in rainbow trout (K  ̂= 2.2 ± 0.5 tM , cytosol; = 
4.2 ± 0.8 nM, nuclear) (Pottinger and Pickering, 1990; Campbell et a i, 1994) and brown trout 
(Kd =2.9 ± 0.3 nM, cytosol; K j = 2.6 ± 0.2 nM, nuclear) (Pottinger, 1986).
The juvenile trout used in this assay display a level o f binding sites similar to that o f 
hepatic ERs in rainbow trout prior to ovulation (B^ax = 65 ± 8.6 finol/mg protein) (Campbell et 
a i, 1994). The amount o f Ej secreted into plasma o f immature fish is considerably reduced 
compared to levels once sexual maturation begins (Scott et a i, 1983). Throughout sexual 
development alterations in tissue sensitivity to E, can occur via changes in the number o f ERs. 
However, such changes are influenced by the gender and degree o f sexual development o f the 
animal. To illustrate, sexually mature (pre-ovulatory) brown trout (Salmo trutta L.) (B^ax = 168 
± 15 finol/mg protein) (Pottinger, 1986) and rainbow trout (Oncorhynchus mykiss) (Bmax= 137 ± 
13.9 finol/mg protein) are characterized as having higher concentrations o f hepatic ERs compared 
to mature male brown trout (B g^= 69 ± 9.0 finol/mg protein) (Pottinger, 1986) and rainbow 
trout (Bmax~ 37.2 ± 2.6 finol/mg protein) (Campbell et al., 1994).
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This putative ER in hypothalamus o f juvenile rainbow trout is structurally selective for a 
variety o f compounds with the highest binding affinities demonstrated for those compounds 
possessing an aromatic ring or oxygen substituent groups on carbon C-3 and C-17 (features 
noimally associated with estrogen ligand-recognition) (Henzl, 1991). In this assay, the specificity 
o f [^HjE, binding in the trout was demonstrated for a variety o f competitors (Table 1). The 
natural estrogen possess a high degree o f structural similarity and readily displaced specifically 
bound in both the cytosol and nuclear extract preparations. E2, the primary follicular 
hormone, was the strongest competitor (IC%= 13 .5 ± 0.4 for cytosol and 10%= 9.1 ± 0.2 for 
nuclear extract; n= 3, ± SEM). Estrone, produced fi*om the oxidation o f E, and present in plasma 
throughout the entire reproductive cycle (Hoar, 1969), was less effective (IC%= 28.1 ± 1.1 for 
cytosol and IC%= 30.2 ±  0.6, for nuclear extract; n= 3, ± SEM) than E,. The least competitive 
natural estrogen was estriol (IC%= 95.9 ± 3.4 for cytosol and IC%= 102 ± 4.7 for nuclear extract; 
n= 3, ± SEM). It is a metabolite of estrone which is predominant in plasma during spawning 
(Hoar, 1969).
17a-ethynyl estradiol (EE), a synthetic estrogen, and testosterone were similar in their 
ability to displace specifically bound [*H]Ez with both having IC% values an order o f magnitude 
lower than Ej. Both compounds possess differences in fundamental structures which may 
contribute to their reduced efficacy compared to the natural estrogen. Specifically, EE has an 
ethyl group added in the a-position on C-17, whereas testosterone lacks an aromatic ring 
structure and has a methyl group on C-10. Progesterone, cortisol, and dexamethasone were not 
effective competitors, possibly due to the absence o f the aromatic ring structure and the presence 
o f additional substituents groups on C-17. It is important to note that estrogen was not an
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effective competitor o f corticosteroid binding in the trout hypothalamus (Allison and Omeljaniuk, 
1998). Although the level o f hepatic ERs in salmonids has been shown to be sensitive to changes 
in the circulating levels o f cortisol (Pottinger and Pickering, 1990), a stress-related hormone that 
also undergoes enhanced secretion during spawning (Pickering et al., 1987; Scott et al., 1983), 
there is no apparent cross reactivity o f these hormones between corticosteroid and E, receptors. 
Tamoxifen had to be used at concentrations o f 2.5 x 10* tiM  (cytosol) and 1.3 x 10* nM (nuclear 
extract) to achieve 50 percent displacement o f specifically bound [*H]E%. Similar results were 
obtained using tamoxifen to displace [*H]E; fi-om hepatic ERs o f Atlantic salmon, Salmo salar 
(Lazier et a!., 1985) and the spotted sea trout (Smith and Thomas, 1990). The reduced efficacy o f 
this compound as a competitor may be due its nonsteroidal structure. However, P-sitosterol, a 
common plant sterol found in pulp m ill effiuent (StrOmberg et ai., 1996), was unable to displace 
specifically bound [^HjEj within the limits o f this assay (^ 1 x 10* nM). Despite its structural 
similarities to Ej, P-sitosterol lacks two structures common to estrogen (Henzl, 1991). The 
absence o f an aromatic ring A and the replacement o f the oxygen substituent group on the C-17 
iTuiy be responsible for its ineffectiveness as a competitor. In general, the relative potencies o f 
these compounds as competitors o f [*H]E% binding is comparable to that found in the spotted 
seatrout (Smith et ai., 1990), brown trout (Pottinger, 1986), and Atlantic salmon (Lazier et al., 
1985).
The binding o f [*H]E2 in the hypothalamus o f juvenile rainbow trout is consistent with the 
current model for steroid hormone receptors. According to this model, ERs are considered to be 
o f nuclear origin in both its active (hormone bound) and inactivated states (firee o f hormone). This 
idea has been supported by the identification o f nuclear ERs in the rat pituitary in the absence o f
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bound ligand (Welshons et al., 1984). Activated ERs possess a high affinity for DNA and can only 
be extracted with the use of high ionic strength buffers. The unoccupied ERs, however, have a 
lower affinity for DNA and can be extracted with low ionic strength buffers, accounting for their 
appearance in cytosol fractions. The presence of specific E, binding sites in both cellular 
compartments is supported by evidence for ERs in teleosts (Lazier et al., 1985; Pottinger and 
Pickering, 1990; Smith and Thomas, 1990; Smith and Thomas, 1991; Campbell et al., 1994; Todo 
et al., 1995).
Until recently, only a single type o f ER was known to mediate genomic activity associated 
with Ej binding in vertebrate tissues. Since its discovery in rat prostate (Kuiper et al., 1996), the 
novel ER subtype (ERP) has been identified throughout the brain with the highest expression of 
ERP mRNA in the hypothalamus o f the rat (Shughrue and Merchenthaler, 1996; L i et al., 1997; 
Nilsson and Gustafsson, 1997) and mouse (Couse et al., 1997), but absent in the pituitary o f both 
animals (Couse et al., 1997; Nilsson and Gustafsson, 1997). While both ERa and ERP subtypes 
are present in both sexes, ERP ERa mRNA expression in the mouse hypothalamus is 
approximately 0.5:1 in females and 3:1 in nudes (Couse et al., 1997). Recently, ER mRNA has 
been localized in the rainbow trout brain (Begay et al., 1994), including the hypothalamus (Salbert 
et al., 1991). While it has been suggested that ERs at in this region may be important for 
regulating teleost sexual behaviour and reproductive fimction, the existence o f ER subtypes and 
their role in HPG axis activity have yet to be elucidated.
In conclusion, we have presented evidence for intracellular ERs in the hypothalamus that 
may provide a locus for E% modulation o f the HPG axis. To our knowledge, this is the first 
ottenqrt to characterize [*H]E; binding-ahes in the salmonid hypothalamus.
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FIG. 1. Specific binding (Bg,) o f to hypothalamus cytosol and nuclear extract preparations 
o f juvenile rainbow trout. Bg> is the difference between binding in the absence (total binding; Bq) 
and presence (nonspecific binding; NSB) o f 1000 molar excess Ê . A linear relationship between 
Bg. and tissue content ([^HjEj specifically bound = 1.65 (tissue content) + 0.02, P = 0.99, 
cytosol; [^HjEj specifically bound = 1.52 (tissue content) + 0.06, F -  0.99, nuclear) was observed 
between 0.5 and 2.25 hypothalamus equivalents. Values are means (n= 4, ± SEM) fi’om three 
independent experiments (# , ■ , ▲).
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FIG. 2. Specific binding (Bjp) o f to hypothalamus cytosol and nuclear extract preparations 
o f juvenile rainbow trout as a function o f time. Specific binding (Bjp, is the difference between 
binding in the absence (total binding) and presence (nonspecific binding) o f 1000 molar excess Ej. 
Values are means (n= 4, ± SEM) fî om three independent experiments (# , ■ , A). Inset A; In 
(B ^^-B g .) as a fimction o f time. The linear relationship (r̂  =0.97) was used to determine In 
(B ^^ -B jp ) = 1.45 (time) - 0.51; association rate constant (k+J (Bennett and Yamamura, 1985) 
was l. lO i 0.02 X 10'A f' x m in' for cytosol. Inset B: In (B«/B«,-Bsp) as a fimction o f time. The 
linear relationship (r^=0.93) was used to determine In (B^/B«,-Bg.) = 1.43 (time) - 0.17; was 
calculated as 1.27 ± 0.04 x 10* x min"' for nuclear extract. B«, is the equilibrium level o fB *
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FIG. 3. Dissociation o f specifically bound (Bg.) ['H]E% fi-om hypothalamus cytosol and nuclear 
extract preparations o f juvenile rainbow trout. Bgp is the difference between binding in the absence 
(total binding) and presence (nonspecific binding) o f 1000 molar excess 5% Dissociation was 
initiated by the addition o f a 5000 molar excess 5% and incubated up to 5 hr. Values are means (n= 
4, ± SEM) fî om triplicate experiments (# , ■ , ▲). Inset A: log Bsp as a fimction o f time. The 
linear relationship (r̂  =0.95) was used to determine log B^, = -0.44 (time) + 0.33; the first order 
dissociation rate constant (k.,) (Bennett and Yamamura, 1985) was 1.014:0.03 min ' . Inset B: log 
Bsp as a function o f time. The linear relationship (r̂  =0.93) was used to determine log Bjp = -0.40 
(time) + 0.21; k., was 0.92 ± O.Olmin'.
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FIG. 4. Total (B q, # ), nonspecific (NSB, ■ ) and specific binding (Bsp, A ) o f to 
hypothalamus cytosol and nuclear extract preparations o f rainbow trout as a function of['H]E% 
(0.08-32.41 tM ). Bsp is the difference between binding in the absence (B q)  and presence ( NSB) 
o f 1000 molar excess Ej. Values are means (n= 4, ± SEM) fi’om three independent experiments. 
Scatchard analysis (Scatchard, 1949) of data was used to determine cytosol K j=  1.46 ± 0.20 nM 
and Bmax = 50.85 ± 3.20 finol x mg ' protein (n= 3, ± SEM, iM ).91) and nuclear extract = 
2.37 ± 0.20 tM  and = 61.74 ± 2.65 finol x mg ' protein (n= 3, ± SEM, rW .94).
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FIG. 5. Displacement analysis o f specific binding (Bg.) to cytosol preparations o f rainbow 
trout hypothalamus. Cytosol was incubated with in the absence (total binding; B q)  or 
presence (nonspecific binding; NSB) o f a 1000 molar excess o f radioinert E%. Bg, is the difference 
between Bq and NSB. Percent o f specific binding is the difference between Bq and NSB for each 
competitor divided by Bsp (in the presence o f Gnqphs display competitive inhibition o f
specific binding by estrogen (A), androgens and glucocorticoids (B), and related 
compounds (C). Values are means (n= 4, ± SEM) fi’om three independent experiments. Plots are 
best fit lines.
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FIG. 6. Displacement analysis o f specific (Bjp) to nuclear extract preparations o f rainbow 
trout hypothalamus. Nuclear extract was incubated with in the absence (total binding; B q )  
or presence (nonspecific binding; NSB) o f a 1000 molar excess o f radioinert E% Bg, is the 
difference between Bq and NSB. Percent o f specific binding is the difference between Bq and 
NSB for each competitor divided by (in the presence o f lOpA/E;). Graphs display 
competitive inhibition o f specific binding by estrogen (A), androgens and glucocorticoids 
(B), and related compounds (C). Values are means (n= 4, ± SEM) firom three independent 
experiments. Plots are best fit lines.
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TABLE 1
ICm and Values for Estrogenic and Nonestrogenic Competitors o f 
[’H]17P-Estradiol Binding in the Hypothalamus of the Rainhow Trout, 
Oiicorkyitchus mylass
ICj* InAll K rifuM ]
Competitor Cytosol Nuclear Cytosol Nuclear
17P-estradiol 13.5 ±0.4* 9.1 ±0.2" 2.7 ±0.5 3.0 ±0.1
Estrone 28.1 ± 1.1' 30.2 ± 0.6' 23.2 ±4.8 19.6 ±1.8
Estriol 95.9 ±3.4“ 102 ±4.7* 114 ±11.5 93.4 ±6.1
17a-ethynyl estradiol 179 ±7.4' 168 ± 6.8' 158 ±17.6 141 ±3.6
Testosterone 230±13Sf 224 ±11.1^ 207 ±21.5 201 ± 17.9
Progesterone >1000 > 1000 > 1000 > 1000
Tamoxifen >1000 > 1000 > 1000 > 1000
Cortisol >3000 >3000 >3000 >3000
Dexamethasone >2000 >2000 >2000 >2000
Note: Values are means (n= 4; ± SEM) from triplicate experiments. IC% values were 
determined from linear regression o f percent specific binding o f [̂ H]17P-estradiol (E )̂ 
as a fimction o f the log o f the competitor concentration. values were determined
from Scatchard analysis (Scatchard, 1949) o f maximally bound ['H]E% displaced by 
competitor. Mean values superscripted with the same letter are not significantly different 
based on Mann-Whitney U tests at P >0.05.
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My findings describing the specific binding properties o f [̂ H]DEX (Chapter 2) and 
[^H jnp-E j (Chapter 3) in the trout hypothalamus provide strong evidence for the existence and 
pharmacological properties o f corticosteroid and estrogen receptors, respectively, in the trout 
brain. Moreover, these findings predicate a central neuromodulatory role for these hormones in 
modulating the HPI and HPG axes.
It has been well 'documented that two types of corticosteroid receptors are present in the 
mammalian system; type I receptors which bind mineralocorticoids with a high afBnity and GCs 
with a low afiBnity, and type U receptors which preferentially bind GCs (DeKloet et al., 1993). In 
teleosts, however, only one type o f corticosteroid receptor has been detected. A single species of 
GR mRNA has been localized throughout the forebrain o f rainbow trout showing greatest density 
within CRH-releasing neurons o f the hypothalamus (Teitsma et al., 1997).
As previously indicated in Chapter 2 o f this thesis, putative GR levels (B^ax = 296 ± 64 
finol/mg protein) and binding afiBnity (K^ = 1.22 ± 0.20 rtM) are in accordance with that found in 
other salmonid tissues such as gill epithelia (Sandor et al., 1984; Chakraborti et al., 1987; Maule 
and Schreck, 1991; McLeese et al., 1994), liver (Chakraborti and Weisbart, 1987; Pottinger,
1990; Lee et al., 1992; Pottinger et al., 1994) and whole brain preparations (Lee et al., 1992; 
Knoebi et al., 1996) under physiological conditions. [We can speculate that fish used in the 
present study had not been recently exposed to stressors associated with elevated plasma cortisol 
levels since there does not appear to be significant downregulation o f GRs. It has been 
demonstrated that GR levels decline by as much as 60% within 24 hours after the onset o f a stress 
event (Pottinger, 1990). In the absence o f literature pertainirtg to stress-induced and seasonal 
changes in hypothalamic GR activity in teleosts it is difiBcult to comment specifically at this time
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
as to how the results o f this study compare to basal GR activity in this region.] In addition, my 
findings suggest the existence o f a receptor-mediated feedback mechanism at the level o f the 
hypothalamus that may allow these fish to modulate corticosteroid secretion in a manner similar to 
that described for the mammalian HPA axis.
The data presented in Chapter 3 of this thesis provide the first characterization o f a 
putative ER in the hypothalamus o f the juvenile rainbow trout. Binding parameters for cytosol 
(Bmax = 50.85 ± 3.20 finol/mg protein, K j = 1.46 ± 0.10 tM ) and nuclear extracts (B^ax = 61.74 
± 2.65 finol/mg protein, = 2.37 ± 0.20 tM ) are consistent with findings on hepatic ERs in 
salmonids prior to sexual maturation (Pottinger, 1986; Pottinger and Pickering, 1990; Smith and 
Thomas, 1991; Campbell et al., 1994). As with GRs, seasonal studies on salmonid ER binding 
characteristics at the level o f the hypothalamus are lacking, making it difficult to speculate on how 
plasma E; levels relate to ER activity at this level in the HPI axis. In general, sexually mature male 
brown trout (Pottinger, 1986) and rainbow trout (Campbell et ai., 1994) have hepatic ER levels 
(Bmax = 168 and 137 finol/mg protein, respectively) that are an order o f magnitude higher than 
those observed in mature female fish (B^ax ~ 69 and 37 finol/mg protein, respectively) which are 
exposed to elevated plasma E% levels. The juvenile rainbow trout utilized in this study had not 
completely undergone smoltification (parr marks still evident), thus low hypothalamic ER levels 
described in this thesis may indicate a limited sensitivity o f their HPG axis in keeping with a low 
E] exposure o f sexually immature salmonids. As in the GR study, my findings on the specific 
pH jE j binding at the level o f the hypothalamus in the trout suggest the existence o f a mechanism 
for modulating HPG axis activity via a receptor-mediated feedback loop similar to that found in 
mammals. However, low levds o f ERs demonstrated in the immature fish used in this study may
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be indicating reduced HPG axis activity (i.e. low sensitivity to Ej) in juvenile fish due to the 
absence o f elevated sex steroid secretion at this stage in their life history, rather a downregulation 
o f higher ER levels found in mature fish.
Both [̂ HjDEX and [̂ HjE; binding sites in the hypothalamus demonstrate a high degree o f 
ligand specificity favoring structurally related steroidal compounds. Preference for ligand binding 
in this putative GR apprârs to be most sensitive to substitutions o f hydroxyl groups on C l 1 and 
C21 and o f methyl groups on CIS. Whereas selectivity o f ligand binding by the putative ER 
depends on the presence o f an aromatic ring A structure, the presence o f an hydroxyl group on 
C3 and C l7, and a hydrogen substituent on C l 1. P-sitosterol, a common nonsteroidal plant sterol 
found in pulp mill effluent, is thought to have estrogenic activity in fish, however, it was not an 
effective competitor for [^HjEj binding in the hypothalamus o f the juvenile rainbow trout. In 
humans, P-sitosterol accumulates in all tissues except the brain (Lutjohann and Vonbergmann, 
1997) and contributes to a reduction in the synthesis o f cholesterol (Lu^ohann and Vonbergmann, 
1997; Honda et ai., 1998), a precursor for steroid synthesis. Similar decreases in cholesterol 
availability in response to P-sitosterol exposure may also account for reduced plasma sex steroid 
levels in both male and female goldfish (Maclatchy and Van der Kraak, 1995; Maclatchy et ai., 
1997). While it appears that P-sitosterol could have a significant effect on teleost reproductive 
function, it may be limited in its impact on the HPG axis, since it has the capacity to affect the 
synthesis o f gonadal hormones (Maclatchy and Van der Kraak, 1995), but does not interact at the 
level o f the pituitary ̂ faclatchy and Van der Kraak, 1995) or the hypothalamus (Allison and 
Omdjaniuk, 1998). Despite considerable evidence for variations in GR activity throughout the 
reproductive development o f salmonid fishes, E, was not an effective competitor o f [̂ H]DEX
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binding in the hypothalamus. Its influence on the HPA axis may not occur at this organizational 
level in juvenile rainbow trout.
GC IMPACT ON HPG AXIS AND ITS PRODUCTS
The HPA axis is an essential system that allows vertebrates to lim it changes in their 
physiologic status during stressful events by providing a mechanism which can return the axis to 
its pre-stress state. However, the effects o f stress can extend beyond the HPA axis activities often 
impacting on an animal’s reproductive activities (Selye, 1950). To illustrate, female rats have a 
more robust HPA axis response to stress, yet HPA axis products can inhibit reproductive function 
in both sexes (Handa et a i, 1994).
As in mammals, various stressors impact on the reproductive activities o f fish by 
influencing such aspects as the female male sex ratio (van den Hurk and van Oort, 1985), the 
secretion o f sex steroids (Pickering et al., 1987), or by affecting the number and quality o f 
gametes (Carragher et ai., 1989). In general, salmonid fishes display a sex-based difference in 
their sensitivity to cortisol exposure. For example, the administration o f cortisol or cortisone, a 
major metabolite o f cortisol, to rainbow trout fly  (300 days post fertilization) has been shown to 
inhibit ovarian growth and promote the development o f greater numbers o f male fish (van den 
Hurk and van Oort, 1985). In addition, maturing male trout are characterized by having a plasma 
cortisol level half that o f fenudes after cortisol administration, while chronically elevated plasma 
cortisol coincides with smaller gonad size, lower plasma vitellogenin levels, and reduced pituitary 
GtH content in sexually maturing fonale brown trout and rainbow trout, but not males (Carragher 
et aL, 1989). It is also apparent that the stress response coincides with an altered release o f both 
HPI and HPG axis products to modify the reproductive function o f fish. Plasma cortisol
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elevations occurring as a result o f acute (1 hour) handling stress in sexually mature brown trout 
was shown to coincide with enhanced plasma ACTH and GtH levels lasting for 4 hours, but 
lowered plasma testosterone (T) and 11-ketotestosterone (11-KT) levels for up to 24 hours 
(Pickering et al., 1987). Similarly, dramatic reductions (~S0% decrease) in plasma T and 11-KT 
levels have been observed during the period o f elevated plasma cortisol associated with chronic 
stress in mature brown which failed to acclimate after a month o f physical confinement (Pickering 
et al., 1987) and in Atlantic salmon inhabiting acidic river systems (Freeman et al., 1983).
Difterences in cortisol sensitivity also exist at various stages o f sexual maturity in 
salmonids where immature rainbow trout show an enhanced response to acute stressors than 
mature fish (Sumpter et al., 1987) and where elevated plasma cortisol levels in sexually maturing 
rainbow trout inhibit E% secretion fi’om ovarian follicles with more mature follicles showing the 
greatest sensitivity o f E; suppression (-90% decrease) by cortisol (Carragher and Sumpter, 1990). 
The repercussions o f stress on the reproductive fimction o f fish can be seen in the sex-based and 
developmental differences in cortisol sensitivity that coincide with alterations o f GR levels in the 
tissues involved. Pottinger and Pickering (1990) demonstrated cortisol’s ability to alter hepatic 
ERs in juvenile rainbow trout where administration o f cortisol resulted in a 35% and 29% decline 
in the number cytosolic and nuclear ERs, respectively, which persisted for 2 to 4 weeks in the 
absence o f a concurrent change in plasma E2 levels. Such persistently low ER levels demonstrated 
by the stressed juvenile trout may be due to a concurrent limited ER sensitivity during a period o f 
reduced HPG axis activity when sex steroid secretion is low prior to the onset o f sexual 
development in these fish.
E j IMPACT ON HPAmPl AXIS AND ITS PRODUCTS
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It is well known that sex-based differences exist in the mammalian response to stress 
Originally these differences were thought to exist only at the level o f adrenal steroid synthesis and 
secretion (Kitay, 1963), but this has been extended to include gender-specific differences in 
neurendocrine activity Specifically, an animal’s estrogen status affects the HPA axis response to 
ACTH, corticosteroid, and GR-mediated fimctions (Burgess and Handa, 1992). For example, E% 
treatments have the capacity to increase basal plasma corticosterone levels in rats (Kitay, 1963).
In addition, elevated plasma Ej levels prolongs activation o f the HPA axis with female rats having 
a delayed recovery o f ACTH and corticosteroid secretion in response to stress compared to males 
(Burgess and Handa, 1992). Handa et ai. (1994) suggests that elevated plasma ACTH and 
corticosterone levels may be secondary to a reduced female sensitivity to GCs at the pituitary 
level (via fewer GRs) which helps to minimize the damaging effects o f prolonged GC exposure. 
Other Ej-sensitive areas, such as the hippocampus, have been implicated as influential regions 
affecting HPA activity in the rat (Turner, 1990).
As mentioned previously, the level o f sexual maturity in teleosts moderates the activation 
o f the HPI axis, not only in response to stress, but by regulating basal ACTH and cortisol 
secretion. This effect was clearly demonstrated by Pottinger et al. (1996) whereby the 
administration ofE ; elevated baseline levels of plasma ACTH and cortisol in immature rainbow 
trout (unstressed and acutely stressed) and brown trout (stressed), but had no effect on baseline 
levels in mature fenude fish under similar conditions.
Throughout their lives, rainbow trout and other commercially viable salmonid fishes are 
often presented with a number o f environmental conditions, such as overcrowded aquaculture 
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impact o f these conditions may play a significant role in the development o f young fish since 
activation of the HPI axis in rainbow trout occurs very early in larval development. While Barry et 
al. (1995) found no evidence for such activity in response to a stress-induced rise in cortisol prior 
to and up to 2 weeks after hatching, interrenal tissue demonstrated an in vitro response to ACTH 
administration at hatching with a subsequent rise in cortisol levels after 3 to 4 weeks. These 
findings suggest that the final development o f the stress response occurs at the level o f the brain 
and requires a period o f 3 to 4 weeks after hatching for the feedback loop o f the HPI axis to reach 
nuturation. This may be a period where the developing HPI axis o f juvenile trout may be 
vulnerable to modification. The relationship between cortisol and secretion is obviously a very 
complex interaction. Whether the rise in plasma cortisol occurs during a stress response, or as a 
result o f seasonal variation, it must be considered in light o f the reproductive status, and also the 
gender o f the fish. The fact that cortisol has the ability to the suppress plasma levels o f both E j 
and its precursor, testosterone, makes it difficult to determine the extent to which stress impacts 
on the levels of E, in the CNS or how much E% ultimately reaches ERs within the HPG axis. The 
repercussions of chronically elevated plasma cortisol on ERs in the developing neurons o f juvenile 
fish have yet to be investigated. To speculate, it seems apparent that the effects are to be Ar 
reaching, perhaps altering the fish’s future reproductive edacity. Conversely, it seems that E% has 
the capacity to stimulate multiple levels o f HPA axis activity and thereby enhance the endocrine 
response to stress by altering both GR-mediated and hormonal activity.
In summary, the findings presented in thesis independently support the existence o f GRs 
and ERs at the level o f the hypothalamus in the juvenile rainbow trout. Noteworthy is the firct that 
elements o f both hypothalamic-phuitaiy axes are in place during the eariy development o f these
1
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fish, thus the potential for one axis to impact on the other at such a time seems likely.
While neither hypothalamic-pituitary axis can be fully understood as an independent system, the 
interplay between the HPI and the HPG axes in salmonid fishes is slowly being disclosed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
REFERENCES
Allison, C.M. and Omeljaniuk, R.J. (1998). Binding characteristics o f [̂ H]17P-estradiol in the 
hypothalamus o f the juvenile rainbow trout, Oncorhynchus mykiss. (Submitted).
Arcandhoy, L.D. and Benson, W.H. (1998). Fish reproduction: An ecologically relevant indicator 
o f endocrine disruption. Envirmu Tax. Chem. 17, 49-57.
Arnold, A.P. and Gorsid, R. (1984). Gonadal steroid induction o f structural sex differences in the 
CNS. À¥mu. Rev. Neurosci. 7, 413-442.
Arukwe, A. and Goksoyr, A (1998). Xenobiotics, xenoestrogens, and reproduction disturbances 
in fish. Sarsia 83, 225-241.
Audet, C. and Claireaux, G. (1992). Oiel and seasonal changes in resting levels o f various blood 
parameters in brook trout (Salvelinus fontinalis). Can. J. Fish. Aquat. Sci. 49, 870-877.
Balm, P H and Pottinger, T.G. (1995). Corticotrope and melanotrope POMC-derived peptides in 
relation to interrenal function during stress in rainbow trout {Onctnrhynchus n^kiss). Gen. 
Comp. Endocrinol. 98,279-288.
Baker, B.I., Bird, D J , and Birmingham, J.C. (1996). Inn the trout, CRH and AVT synergize to 
stimulate ACTH release. Regulatory Peptides 67,207-210.
Barry, T P , Ochiai, M., and Malison, J.A. (1995). In vitro effects o f ACTH on interrenal 
corticosteroidogenesis during early larval development in rainbow trout. Gen. Comp. 
Endocrinol. 99, 382-387.
Beyer, C , Pilgrim, C , and Reisert, I. (1993). Dopamine content and metabolism in
mesencephalic and diencephalic cell cultures: sex differences and effects o f sex steroids. J. 
Neurosci. 11, 1325-1333.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
Blazquez, M., Bosma, P T , Fraser, E J , Vanlook, K.J.W., and Trudeau, V.L. (1998). Fish as 
models for the neuroendocrine regulation of reproduction and growth. Comp. Biochem. 
Physiol. 119, 345-364.
Breton, B. and Sambroni, E. (1996). Steroid activation o f the brain-pituitary complex
gonadotropic function in the triploid rainbow trout, Oncorhynchus mykiss. Gen. Conqt. 
Endocrinol. 101, 155-164.
Breton, B , Sambroni, E., Govoroun, M., and Weil, C. (1997). Effects o f steroids on GtH I  and 
GtH n secretion and pituitary concentration in the immature rainbow trout, Oncwhynchus 
mykiss. Life Sci. 320, 783-789.
Brink, M., Humbel, B.M., DeKloet, E.R., and Van Driel, R. (1992). The unliganded
glucocorticoid receptor is localized in the nucleus, not in the cytoplasm. Endocrinol. 130, 
3575-3581.
Brown, T.J., Shanna, ,M., Heisler, L.E., Karsan, N., Walters, M.J., and MacLusky, N.J. (1995). 
In vitro labelling o f gonadal steroid receptors in brain tissue sections. Steroids 60, 726- 
737.
Burgess, F.H. and Handa, RJ. (1992). Chronic estrogen-induced alterations in
adrenocorticotropin and corticosterone secretion, and glucocorticoid receptor-mediated 
functions in female rats. Endocrinol. 131,1261-1268.
Campbell, C.M., Fostier, A., Jalabert, B , and Truscott, B. (1980). Identification and
quantification o f steroids in the serum o f rainbow trout during spermiation and oocyte 
maturation. J. Endocrinol. 85,371-378.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
Campbell, P.M., Pottinger, T O , and Sumpter, J.P. (1994). Changes in the a£5nity o f estrogen 
and androgen receptor abundance in brown and rainbow trout. Gen. Comp. Endocrinol. 
94, 329-340.
Carragher, J.F., Sumpter, J.P., Pottinger, T.G., and Pickering, A D (1989). The deleterious 
effects o f cortisol in two species o f trout, Salmo trutta L. and Scdmo gairdneri 
Richardson. Gen. Comp. Endocrinol. 76, 310-321.
Carragher, J.F. and Sumpter, J.P. (1990). The effect of cortisol on the secretion o f sex steroids 
from cultured ovarian follicles o f rainbow trout. Gen. Comp. Endocrinol. 77,403-407.
Chakraborti, P.K., Weisbart, M and Chakraborti, A. (1987). The presence o f corticosteroid 
receptor activity in the gills o f the brook trout, Salvelinus fontincdis. Gen. Comp. 
Endocrinol. 66, 323-332.
Chakraborti, P.K. and Weisbart, M. (1987). Hgh-afBnity cortisol receptor activity in the liver o f 
the brook trout, Salvelinus fontinalis (Mitchill). Can. J. Zool. 65,2498-2503.
Chester-Jones, I , Chan, D.K.O., Henderson, I.W., and Bell, J.N. (1969). The
adrenocorticosteroids, adrenocorticotropin, and corpuscles o f Stannius. In  “Fish 
physiology IT’ (W.S. Hoar and D.J. Randall Eds ), pp. 446. Academic Press, New York.
Clearwater, S.J. and Pankhurst, N.W. (1997). The response to capture and confinement stress o f 
plasma cortisol, plasma sex steroids, and vitellogenic oocytes in the marine teleost. Red 
Gurnard. J. Fish Biol. 50,429-441.
Coimbra, J , Carraca, S., Ribiero, M L and Reis-Henriques, M.A. (1992). Time course effects o f 
repetitive 17P-estradiol and progesterone iiqections in the osmoregulatory capacity o f 
freshwater acclimated rainbow trout. Gen. Comp. Endocrinol. 105,437-442.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
Contrerassanchez, W.M., Schreck, C.B., Fitzpatrick, M.S., and Pereira, C B (1998). Effects o f 
stress on the reproductive performance of rainbow trout {Oncorhynchus mykiss). Biol. 
Reprod. 58,439-447.
Crim, L.W., Peter, R.E., and Billard, R. (1981). Onset of gonadotropic hormone accumulation in 
the immature trout pituitary in response to estrogen and aromatisable androgen steroid 
hormones. Gen. Comp. Endocrinol. 44,374-381.
Davail, B , Pakdel, F , Bujo, H., Parazzolo, L.M., Waclawek, M., Schneider, W.J., and Lemenn, 
F. (1998). Evolution o f oogenesis; The receptor for vitellogenin from the rainbow trout. J. 
lip id  Res. 39,1929-37.
Davis, R.E., Morrell, J.I., and Pfaff D.W. (1978). Autoradiographic localization o f sex steroid- 
concentrating cells in the brain o f the teleost Macrapodus opercularis. Gen. C<mp. 
Endocrinol. 33,496-505.
DeKloet, R.E., Sutanao, W , van den Berg, D.T.W.M., Carey, M P , van Haarst, A.D., Hornsby, 
C D , Meijer, 0  C , Rots, N.Y., and Oitzl, M S (1993). Brain mineralocorticoid receptor 
diversity: Functional implications. Proc. In. Sym. J  Steroid Biochem. Molec. Biol. 
Australia 30, 183-190.
DiPaolo, T., Rouillard,C , and Bedard, P. (1985). 17P-Estradiol at a physiological dose acutely 
increases dopamine turnover in rat brain. Eur. J. Pharmacol. 117,197-203.
Donaldson, E M (1973). Reproductive endocrinology of fishes. Am. Zool. 13,909-927.
Donaldson, E M (1981). The pituitary-imerrenal axis as an indicator o f stress in fish. In  “ Stress 
and fish”  (A.D. Pickering, Ed ), pp. 11-47. Academic Press, New York.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
Feist, G. and Schreck, C.B. (1996). Brain-pituitary-gonadal axis during early development and 
sexual differentiation in the rainbow trout, Oncorhynchus mykiss. Gen. Comp.
Endocrinol. 102,394-409.
Ferrini, J. and DiNicola, S. (1991). Estrogens upregulate type I and type II glucocorticoid 
receptors in brain regions o f ovariectomized rats. Life Sci. 48, 2593-2601.
Fine, M L , Keefer, D A , and Russel-Mergenthal, H. (1990). Autoradiographic localization of 
estrogen-concentrating cells in the brain and pituitary o f the oyster toadfish. Brcan Res. 
536, 207-219.
Fitzpatrick, M S , Periera, C B , and Schreck, C B (1993). In vitro steroid secretion during early 
development o f mono-sex rainbow trout: sex differences, onset o f pituitary control, and 
effects o f dietary steroid treatment. Gen. Comp. Endocrinol. 91,199-215.
Fitzpatrick, M S , Van Der Kraak, G , and Schreck, C. (1986). Profiles o f plasma sex steroids and 
gonadotropin in coho salmon, Oncorhynchus kisutch, during final maturation. Gen.
Comp. Endocrinol f l ,  437-451.
Flouriot, G , Pakdel, F., Ducouret, B , Ledrean ,Y., and Valotaire, Y. (1997). Differential
regulation o f two genes implicated in fish reproduction: vitogenin and estrogen receptor 
genes. Mol. Reprod Devek)p. 48, 317-323.
Fostier, A., Jalabert, B , Billard, R., Breton, B. And Zohar, Y. (1983). The gonadal steroids. In 
“Fish physiology” (W.S. Hoar, D J Randall, and E M. Donaldson, eds ). Vol. DC, pp. 
277-372. Academic Press, New York.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
Freeman, H.C., Sandaling, G B , Bums, G , and McMenemy, M. (1983). The blood sex hormone 
levels in sexually mature male Atlantic salmon (Scdmo salar) in the Westfield River (pH 
4.7) and Medway River (pH 5.6), Nova Scotia. Sci. total. Envir. 32, 87-91.
Fryer, J.N. and Peter, R E (1977). Hypothalamic control o f ACTH secretion in goldfish; HI. 
Hypothalamic cortisol implants studies. Gen.Comp.Endocrinol. 33,215-225.
Funder, J W (1993). Mineralocorticoids, glucocorticoids, receptors, and response elements. 
Science 259, 1132-1133.
Gorsid, R.A., Harlan, R E , Jacobson, C D , Shryne, J E., amd Southam, AM  (1980). Evidence 
for the existence o f a sexually dimorphic nucleus o f the preoptic region o f the rat. J.
Comp. Neurol. 193, 529-539.
Herman, J.P. and CuUinan, W E (1997). Neurocirciutry o f stress; central control o f the 
hypothalamo-pituitary-adrenocortical axis. Trends Neurosci. 20, 78-84.
Hoar, W.S. (1969). Reproduction. In "Fish physiology" (W.S. Hoar and D J Randall, eds.) Vol. 
m, pp. 1-72. Academic Press, New York.
Ho, S M (1987). Endocrinology o f vitellogenin. In  “Hormones and reproduction in fishes,
amphibians, and reptiles”(D.O. Norris and R.E. Jones Eds ), 144-169. Plenum, New York.
Hofinan, M.A. and Swaab, D.F. (1989). The sexually dimorphic nucleus o f the preoptic area in 
human brain: a comparative study. J. Anat. 164, 55-72.
Holsboer, F. and Barden, N. (1996). Antidepressants and hypothalamic-pituitary-adrenocortical 
regulation. Endocrine Reviews 17,187-205.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
Honda, A , Salen, G , Nguyen, L B , Tint, G.S., Batta, A.K., and Shefer, S. (1998). Down- 
regulation o f cholesterol biosynthesis in sitosterolemia-Diminished activities of 
acetoacetyl-CoA thiolase, 3-hydroxy-3-methylglutaryl-CoA synthase, reductase, squalene 
synthase, and 7-dehydrocholesterol delta (7)-reductase in liver and mononuclear 
leukocytes. J. lipid. Res. 39,44-50.
Inque, T. and Koyama, T. (1996). Effects o f acute and chronic administration o f high-dose
corticosterone and dexamethasone on regional brain dopamine and serotonin metabolism 
in rats. Prog. Neuro~Psychopharmacol. ABiol. Psychiat. 20, 147-156.
Kah, O , Trudeau, B D , Sloley, P., Dubourg, J.P., Chang, J.P., Yu, K.L., and Peter, R.E. (1992). 
Involvement o f GAB A in the neuroendocrine regulation o f gonadotropin release in the 
goldfish. Neuroendo. 45,451-458.
Khan, M.N., Renaud, RL., and Leatherland, J.F. (1997). Metabolism o f estrogens and androgens 
by embryonic tissues o f Arctic chair, Salvelinus alpinus. Gen. Comp. Endocrinol. 107, 
118-127.
Kim, Y.S., Stump  ̂W E , Sar, M. and Martinez-Varga, M C (1978). Estrogen and androgen 
target cells in the brain o f fishes, reptiles and birds; Phylogeny and ontogeny. Am. Zoo.
IS , 425-433.
Kime, D E , Vinson, G P , Major, P.W., and Kilpatrick, R  (1980). Arenal-gonadal relationships. 
In  “General, comparative and clinical endocrinology o f the adrenal cortex” (I. Chester- 
Jones and IW  Henderson, Eds), Vol. 3, pp. 183-264. Academic Press, London.
King, W.J. and Green, GX. (1984). Monoclonal antibodies localize oestrogen receptor in the 
nuclei o f target cells. Natwe 307,745-747.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
Kitay, J.I. (1963). Pituitary-adrenal function in the rat after gonadectomy and gonadal hormone 
replacement. Endocrinol. 73,2S3-260.
Knoebl, I., Fitzpatrick, M.S., and Shreck, CB (1996). Characterization o f a glucocorticoid 
receptor in the brains o f Chinook salmon (Oncorhynchus tshawytscha). Gen. Comp. 
Endocrinol. 101, 195-204.
Kolbinger, W , Trepel, M , Beyer, C , Pilgrim, C , and Reisert, I. (1991). The influence o f genetic 
sex on sexual differentiation of diencephalic dopaminergic neurons o f the rat in vivo and 
in vitro. Brain Res. 544, 349-352.
Lambert, J J , Belelli, D , HU-Venning, C , and Peters, J.A. (1995). Neurosteroids and GABA^ 
receptor function. TiPS 16, 295-303.
Lee, P C , Goodrich, M., Struve, M , Yoon, H.I., and Weber, D. (1992). Liver and brain 
glucocorticoid receptor in rainbow trout, Oiworhynchus mykiss: Downregulation by 
dexamethasone. Gen. Comp. Endocrinol. 87, 222-231.
Lewin, B. (1990). Genes IV. Oxford University Press, New York.
Linard, B , Anglade, I., Corio, M , Navas, J.M., Pakdel, F., Saligaut, C , and Kah, O. (1996).
Estrogen receptors are expressed as a subset o f tyrosine hydroxylase-positive neurons o f 
anteroir preoptic region in the rainbow trout. Neuroendo. 63,156-165.
Lutjohann, D and Vonbergmann, K. (1997). Phytosterolemia- Diagnosis, characterization and 
therapeutical approaches. Atm. Med. 29,191-184.
McEwen, B.S. (1994). Steroid hormone actions in the brain: When is the genome involved? 
Hormones and behavior 28, 396-405.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
MacLatchey, D., Peters, L., Nickle, J , Van der Kraak, G. (1997). Exposure to beta-sitosterol 
alters the endocrine status o f goldfish differently than 17-beta-estradiol. Environ. Tax. 
Chem. 16, 1895-1904.
MacLatchey, D. and Van der Kraak, G (1995). The phytoestrogen beta-sitosterol alters the 
reproductive endocrine status o f goldfish. Tox. App. Pharm. 134, 305-312.
Maule, A G and Schreck, C B (1991). Stress and cortisol treatment changed afBnity and number 
o f glucocorticoid receptors in leukocytes and gill o f Coho salmon. Gen. Comp. 
Endocrinol. 84, 83-93
Majewska, M.D. (1987). Antagonist-type interaction o f glucocorticoids with the GAB* receptor- 
coupled chloride channel. Brain Res. 418, 377-382.
McLeese, J.M., Johnsson, J., Huntley, F M , Clarke, W.C., and Weisbart, M. (1994). Seasonal 
changes in osmoregulation, cortisol, and cortisol receptor activity in the gills o f 
parr/smolt o f steelhead trout and steelhead-rainbow trout hybrids, Oncorhynchus mykiss. 
Gen Comp. Endocrinol. 93,103-113.
Mellon, S. (1994). Neurosteroids: Biochemistry, modes o f action, and clinical relevance. J. 
Clinical Endocrinol. Metabol. 78,1003-1008.
Morrell, J.I. and Pfaff D.W. (1978). A neuroendocrine approach to brain fiinction: Localization 
o f sex steroid concentrating cells in vertebrate brains. Am. Zoo. 18,447-460.
Murphy, B.E.P. (1991). Steroids and depression. J. Steroid Molec. Biol. 38, 537-559.
Paul, SM and Purdy, R.H. (1992). Neuroactive steroids. FASEB 6,2311-2322.
Peter, R.E., Yu, K-L, Marchant, T A., and Rosenblum. (1990). Direct neural regulation o f the 
teleost adenohypophysis. J. Exper. Zoo. Supp. 4, 84-89.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
Peyon, P., Baloche, S., and Burzawa-Gerard, E. (1996). Potentiating effect o f growth hormone 
on vitellogenin synthesis induced by 17P*estradiol in primary culture o f female silver eel 
(Anguilla anguilla L.) Hepatocytes. Gen. C(mp. Endocrinol., 102, 263*273.
Pickering, A.D. and Christie, P. (1981). Changes in the concentration o f plasma cortisol and 
thyroxine during sexual maturation of the hatchery-reared brown trout, Sabno trutta L. 
Gen. Ctmp. Endocrinol. 44,487-496.
Pickering, A.D., Pottinger, T G , Carragher, J. and Sumpter, J.P. (1987). The effects o f acute and 
chronic stress on the levels o f reproductive hormones in the plasma o f mature male brown 
trout, Salmo trutta L. Gen. Comp. Endocrinol. 68, 349-259.
Pilgrim, C. and Hutchison, J B (1994). Developmental regulation o f sex differences in the brain: 
Can the role o f gonadal steroids be redefined? Neuroscience 60, 843-855.
Porthe-Nibelle, J. and Lalou, B. (1984). Nuclear binding of cortisol in intestinal mucosa and liver 
o f a teleost fish (Scdmo gairdneri). Steroids 43, 385-392.
Pottinger, T.G. (1986). Estrogen-binding sites in the liver o f sexually mature male and female 
brown trout, Scdmo trutta L. Gen. Ctmp. Endocrinol. 61,120-126.
Pottinger, T.G. (1990). The effect o f stress and exogenous cortisol on receptor-like binding o f 
cortisol in the liver o f rainbow trout, Oncmrhynchus mykiss. Gen Comp. Endocrinol. 78, 
194-203.
Pottinger, T G., Knudsen, F.R., and VHlson, J (1994). Stress-induced changes is the affinity and 
abundance o f cytosolic cortisol-binding sites in the liver o f the rainbow trout, 
Oncorhynchus mykiss (Walbaum), are not accompanied by changes in measurable nuclear
binding. Fish Physiol. Biochem. 12,499-511.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
Pottinger, T.G., Carrick, T.G., Hughes, S.E., and Balm, P H (1996). Testosterone, 11-
ketotestosterone, and estradiol-17 beta modify baseline and stress-induced interrenal and
corticotropic activity in trout. Gen. Comp. Endocrinol, 104, 284-295.
i
I Pottinger, T.G. and Pickering, A.D. (1990). The effect o f cortisol administration on hepatic 
I and plasma estradiol-binding capacity in immature female rainbow trout, Oncorhynchus
mykiss. Gen. Comp. Endocrinol. 80, 264-273 
i Raisman, G. and Field, P.M. (1973). Sexual dimorphism in the neuropile o f the preoptic area of 
the rat and its dependence on neonatal androgen. Brain Res. 54, 1-29.
Reid, S G , Vijayan, M M , and Perry, S.F. (1996). Modulation o f catecholamine storage and 
release by the pituitary-interrenal axis in the rainbow trout, Oncorhynchus mykiss. J. 
Comp. Physiol. B. 165, 665-676.
Reisert, I., Engele, J., and Pilgrim, C (1989). Early sexual differentiation o f diencephalic 
dopaminergic neurons o f the rat in vivo. Cell tiss. Res. 255,411-417.
Rinchard, J., Poncin, P., and Kestemont, P. (1998). Ovocyte growth and steroid regulation in 
single and multiple spawner fish; A review. Int. J. Limnol. 34,211-225.
Roselli, C E , EUinwood, WE., and Resko, J.A. (1984). Regulation o f brain aromatase activity in 
rats. Endocrinol. 114,192-199.
I Roselli, CE and Resko, J.A. (1987). The distribution and regulation o f aromatase activity in the 
central nervous system. Steroids 50,495-508.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
Rostene, W , Sarrieau, A., Nicot, A., Scarceriaux, V., Betancur, C , Gully, D , Meaney, M.,
Rowe, W , De Kloet, R., Pelaprat, D , and Berod,A. (1995). Steroid effects on brain 
functions: An example o f the action o f glucocorticoids on central dopaminergic and 
neurotensinergic systems. J. Psychiatry Neurosci. 20, 349-356.
Salbert, G , Bonnec, G , Le Goff P., Boujard, D , Valotaire, Y., and Jego, P. (1991). Localization 
o f the estradiol receptor mRNA in the forebrain of the rainbow trout. Mol. Cell. Physiol. 
76,173-180.
Saligaut, C , Gamier, D H , Bennani, S., Salbert, G , Bailhache, T., and Jego, P. (1992). Effects 
of estradiol on brain aminergic tumover o f the female rainbow trout (Onctmhynchus 
mykiss) at the beginning o f vitellogenesis. Gen. Comp. Endocrinol. 88, 209-216.
Saligaut, C , Linard, B , Mananos, E L., Kah, O , Breton, B., and Govoroun, M. (1998). Release 
o f pituitary gonadotropins GtHI and GtH n in the rainbow trout (Oncorhynchus mykiss): 
Modulation by estradiol and catecholamines. Gen. Comp. Endocrinol. 109,302-309.
Sandor, T., DiBattista, and Mehdi, A.Z. (1984). Glucocorticoid receptors in the gill tissue offish. 
Gen. Comp. Endocritiol. S3,353-364.
Sapolsky, RM ., Krey, L C , and McEwen, B.S. (1984). Stress down-regulates corticosterone 
receptors in a site-specific manner in the brain. Endocrinol. 114,287-292.
Scott, A.P. and Sumpter, J P (1983). A comparison of the female reproductive cycles o f autumn- 
spawning and winter-spawning strains o f rainbow trout (Salmo gairdneri Richardson). 
Gen. Comp. Endocrinol.
Scott, A.P., Sumpter, J P , and Hardiman, P.A. (1983). Hormone changes during ovulation in 
rainbow trout (Salmo gairdneri Richardson). Gen Comp. Endocrinol. 49,128-134.
I
. !
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
Selye, H (1950). The physiology and pathology o f exposure to stress. Acta Endocrinologica Inc., 
Montreal.
Shrimpton, J.M. and McCormick, S.D. (1998). Seasonal differences in plasma cortisol and g ill 
corticosteroid receptors in upper and lower mode juvenile Atlantic salmon. Aquaculture 
168,205-219.
Simerly, R.B. and Young, B.J. (1991). Regulation of estrogen receptor messenger ribonucleic 
acid in rat hypothalamus by sex steroid hormones Mol. Eiutocrinol. S, 424-432.
Smith, C C , Omeljaniuk, RJ , Whitfield, Jr., H J , Aksentijevich, S, Fellows, Zelzowsld, E ,
Gold, P.W., and Sternberg, E M. (1994). Differential mineralocorticoid (Type 1) and 
glucocorticoid (Type 2) receptor expression in Lewis and Fischer Rats. 
Neuroimmocbilation 1, 66-73.
Smith, J.S. and Thomas, P. (1991). Changes in hepatic-estrogen receptor concentrations during 
the annual reproductive and ovarian cycles o f a marine teleost, the spotted sea trout, 
Cynoscion nebulosis. Gen, Comp. Endocrinol. 81,234-245.
Soengas, J.L., Sanmartin, B , Barciela, P., Ald%unde, M , and Rozas, G. (1993). Changes in 
carbohydrate metabolism related to the onset o f ovarian recrudescence in domesticated 
rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. lOSA, 293-301.
Stouthart, A.J.H.X., Lucassen, E.C.H.E.T., Vanstrein, F.J.C., Balm, P.H.M., Lock, .RA.C., and 
Bonga, S E W (1998). Stress responsiveness of the pituitary-interrenal axis during eariy 
life stages o f common carp (Cyprinus carpio). J. Endocrinol. 157,127-137.
Sumpter, J P , Dye, H M  , and Benfey, T J (1986). The effects o f stress on plasma ACTH, a- 
MSH, and cortisol levels in salmonid fishes. Gen Comp. Endocrinol. 62, 377-385.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
Suzuki, K , Nagahama, Y., and Kawauchi, H (1988). Steroidogenic activities o f two distinct 
salmon gonadotropins. Gen Comp. Endocrinol. 71,452-458.
Teitsma, C.C., Bailhache, T., Tujague, M., Balment, R.J., Ducouret, B., and Kah, O. (1997). 
Distribution and expression o f glucocorticoid receptor mRNA in the forebrain o f the 
rainbow trout. Neuroendo. 66,294-304.
Tobet, S.A., Chickering, T.W., Hanna, I., Crandall, J.E., and Schwarting, G.A. (1994). Can
gonadal steroids infiuece cell position in the developing brain? Hormones and Behavior 
28, 320-327.
Trudeau, V L , Murthy, C K , Habibi, H R., Sloley, B D , and Peter, RE. (1993). Effects o f sex 
steroid treatment on gonadotropin-releasing hormone-stimulated gonadotropin secretion 
from the goldfish pituitary. Biol. Reprod. 48, 300-307.
Trudeau, V L , Peter, RE , and Sloley, B D (1991). Testosterone and estradiol potentiate the 
serum gonadotropin response to gonadotropin-releasing hormone in goldfish. Biol, 
Reprod. 44,951-960.
Turner, B.B. (1990). Sex differences in the binding o f type I and type H corticosteroid receptors 
in rat hippocampus. Brain I^s. 581,229-236.
Uno, H., Eisele, S., Sakai, A., Shelton, S., Baker, E , DeJesus, O , and Holden, J. (1994).
Neurotoxicity o f glucocorticoids in the primate brain. Hormones and Behavior 28,336- 
348.
Uno, R , Tarara, R , Else, J.G., Suleman, M A., and Sapolsky, R M  (1989). Ifippocanqrai
damage associated with prolonged and fatal stress in primates. J. Neurosci. 9,1705-1711.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
96
van der Boone, J., Guido, E E., van der Thillart, J.M., Addinct, A.D.F. (1990). The effects o f 
cortisol administration on intermediary metabolism in teleost fish. Conp. Biochem.
Physiol 100, 47-53.
van den Hurk, R. and van Oort, P.G.W.J. (1985). Effects o f natural androgens and corticosteroids 
on gonad differentiation in the rainbow trout, Scdmo gairthieri. Gen. Comp. Endocrinol. 
57, 216-222.
van Steensel, B , van Birmendijk, E.P., Hornsby, C D , van der Voort, H.T.M., Krozowsld, Z.S., 
De Kloet, E.R., and van Driel, R. (1996). Partial colocalization o f glucocorticoid and 
mineralocorticoid receptors in discrete compartments in nuclei o f rat hippocampus 
neurons. Journal o f Cell Science 109, 787-792.
Washburn, B.S., Krantz, J.S., Avery, E.H., and Freedland, R.A. (1993). Effects o f estrogen on 
gluconeogenesis and related parameters in male rainbow trout. Am. J. Physiol 264, R720- 
R725.
Weisbart, M., Chakraborti, P.K., Chakraborti, A., Huntley, F.M., Maneclqee, A , and McLeese, 
J.M. (1994). Steroid receptors in fish: membrane and intracellular preparations.
Biochem. Molec. Bio. o f Fishes 5 ,458-468 
Wiezman, A., Weizman, R., Kook, K A , Vocd, F , Deutsch, S.I., and Paul, S.M. (1990).
Adrenalectomy prevents the stress-induced increase in in vivo [’H]R015-1788 binding to 
GABA* benzodiazepine receptors in the mouse. Brain Res. 519, 347-350.
Welshons, W , lieberman, M.E., and Gorsid, J. (1984). Nuclear localization o f unoccupied 
oestrogen receptors. Nature 307, 747-749.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
Wolfovitz, E , Pacak, K., Abassi, Z , Kopin, I.J., and Goldstein, D.S. (1995). Effects o f
hypercoitisolemia or hyperinsulinemia on neurochemical indices o f catecholamine release 
and synthesis in conscious rats. J. Autonomic Nervous System 54, 104-112.
Yuri, K. and Kawata, M. (1994). Region-specific changes o f tyrosine hydroxylase-
immunoreactivity by estrogen treatment in female rat hypothalamus. Brain Res. 645, 278- 
284.
Yeoh, C -G , Schreck, C B , Fitzpatrick, M S , and Feist, G.W. (1996). In vivo steroid
metabolism in embryonic and newly hatched steelhead trout (Oncorhynchus mykiss).
Geit Comp. Endocrinol. 102,197-209.
Zelnick, P R. and Goldspink, G. (1981). The effect of exercise on plasma cortisol and blood sugar 
levels in the rainbow trout, Salmo gairdneri Richardson. J. Fish Biol. 19, 37-43.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
98
Appendix A: Detenniution of kinetic derived eftimatcs of and K#.
Kinetically derived equilibrium dissociation rate constant (K^ was detennmed 
from association and dissociation cjqieriments. = k i/k i was calculated from die 
association rate constant (ki) and dissociation rate constant Oi,).
kwi (mm *) was estimated from die slope of die line obtained by plotting log B* 
versus time (hr) after the addition of a 50(X) molar excess of radioinert compedtor. is 
the specifically bound radioligand at time **t**. The half-life (t,/]) for the dissociation of 
specifically bound radioligand was calculated from ti/2 = 0.693/k,
k i was estimated from (kw - k,)/[L] where [L] is the concentration of radioligand 
used, kw was estimated from die slope of die line obtained by plotting bi(B^/B^- B*) 
versus time (hr) after die initiation of incubation. B* is die specifically bound radioligand 
at time T .  The slope of die line = kw (M ' min *).
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Appendix B: Calculation of IC m
Probability (?) of radioligand binding is based on the decimal fraction of 
maifiiniiin Bg, (P= 1.0) dmt cotTcsponds to an ICjo value vdiere P = 0.5. The linearization 




-  In (1.0)
-  0 (Hulme and Birdsall, 1992)
y -m x  + b 
0 —mx + b 
x--b/m
vdiere x corresponds to die log of die competitor concentration diat results in 50% 
inhibition (IC*) of radioligand that is maximally bound.
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Appendix D: Structures of compounds used in the competitive displacement analysis.
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